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ABSTRACT 
Highly-uniform, hol low glass spheres ( s h e l l s ) ,  which are used f o r  
i n e r t i a l  confinement fusion targets,  are formed from metal -organic gel 
powder feedstock i n  a v e r t i c a l  furnace. The modeling o f  t h i s  gel-to-she1 1 
transformation has consis ted of th ree  phases: a study o f  the e f f e c t  o f  
pyro;ysis on gel  morphology and thermochemistry; development and t e s t i n g  
of a furnace-to-gel heat t rans fer  model; and development and p ie l im ina ry  
t e s t i n g  of a model descr ib ing the  grav i ty -dr iven degradation o f  shel 1 
concen t r i c i t y  as a funct ion of shel 1 cha rac te r i s t i cs  and time. 
As a r e s u l t  of the  rap id  py ro l ys i s  caused by the  furnace, the gel i s  
transformed t o  a s h e l l  i n  f i v e  d i s t i n c t  stages: a )  surface c losure o f  the 
porous gel,  b )  generat ion of a c losed-cel l  foam s t ruc tu re  i n  the gel,  c)  
spher id iza t ion  of the  gel  and fu r the r  expansion o f  the foam, d) coalescence 
o f  t he  c losed-cel l  foam t o  a s ing le -vo id  s h e l l ,  and e)  f i n i n g  o f  the  glass 
she l l .  I n i t i a l  fqaming i s  d r iven by the  py ro l ys i s  o f  the res idua l  organics, 
such as the metal alkoxides and alcohol,  and by the decomposition o f  
s i l a n o l s  and the a l k a l i  bicarbonates i n  the  gel .  Further foam expansion 
i s  dr iven by the ox ida t ion  of the elemental carbon produced i n  the i n i t i a l  
pyro lys is  and by decomposition o f  the a l k a l i  carbonates i n  the gel.  The 
sole shel l - forming gases were i d e n t i f i e d  from res idual  gas analyses as 
to2, H20, O2 and N p  The O2 and N2 from the  furnace ambience permeate 
i n t o  the she l l  dur ing i t s  formation. 
The heat t r a n s f e r  from the furnace t o  the  f a l l i n g  gel p a r t i c l e  was 
modeled t o  determine the e f f e c t i v e  heat ing r a t e  o f  the gel .  The model 
p red ic ts  the  temperature h i s t o r y  f o r  a p a r t i c l e  as a func t ion  o f  mass, 
dimensions, s p e c i f i c  heat, and absorptance as we l l  as furnace temperature 
p r o f i l e  and thermal conduc t i v i t y  o f  the  furnace gas. This model has been 
experimental l y  v e r i f i e d .  
I n  the t h i r d  phase, a model was developed t h a t  p red i c t s  the g r a v i t y -  
induced degradation o f  shel 1 c o n c e n t r i c i t y  i n  f a l l i n g  molten s h e l l s  as 
a funct ion o f  s h e l l  cha rac te r i s t i cs  and time. The model p red i c t s  
n e g l i g i b l e  ra tes  of decentering f o r  glass she l l s  smal ler than 2 mn 
diameter. The v a l i d i t y  o f  the model and i n i t i a l  e f f o r t s  f o r  t e s t i n g  
the model are discussed. 
1. INTRODUCTION 
Targets c u r r e n t l y  used i n  i n e r t i a l  confinement fus ion  (ICF) inc lude 
spher ica l  glass s h e l l s  f i l l e d  w i t h  deuter ium-t r i  t ium f u e l .  Current ly  these 
s h e l l s  have diameters from 100 t o  500 pm. and wa l l  thickness from 0.5 t o  
10 pm. To meet the e x p e r i ~ e n t a l  requirements the  non-concentr ic i  tyf o f  t he  
inner  and outer  surfaces of t he  she l l s  must be l ess  than 5%. aspher i c i t y  l e s s  
than 1% and surface i r r e g u l a r i t i e s  l ess  than 0.5 pm. These spec i f i ca t ions  
are becoming more s t r i n g e n t  as the  ava i l ab le  l a s e r  power increases and l a s e r  
fvzion experiments become more sopnist icated.  I n  addi t ion,  the she l l s  a re  
requi red t o  have h igh  strength, good chemical d u r a b i l i t y  and be permeable 
t o  various d iagnost ic  and fue l  gases. Meeting these requirements becomes 
p a r t i c u l a r l y  d i f f i c u l t  f o r  t he  nex t  generat ion o f  ta rge ts  whose diameters 
are greater  than lmn, t h e  e f f e c t i v e  s ize  l i m i t  f ~ r  cu r ren t  manufacturing 
methods. For such l a r g e  glass she l ls ,  the fo rce  o f  g r a v i t y  and the aero- 
dynamic forces, ac t i ng  upon fa1 1 i n g  molten shel 1 s, w i  11 i nc reas ing l y  manifest 
themselves, degrading the  c o n c e n t r i c i t y  and s p h e r i c i t y  o f  the she l ls ,  snd by 
v i r t u e  o f  the r e l a t i v e l y  l a r g e  terminal v e l o c i t y  o f  the gel,  l i n i i t  t k  glass 
f i n i n g  t ime i n t e r v a l  dur ing wnich a f a l l i n g  p a r t i c l e  i s  exposed t o  the heat 
o f  t he  furnace. 
These shel 1 s are  c u r r e n t l y  manufactured by several methods [I ,2,3]. One 
o f  the more p r o r i s i n g  and v e r s a t i l e  methods involves the  use o f  metal-organic 
powder which i s  fed i n t o  an e lec t r i ca l l y -hea ted  v e r t i c a l  tube furnace whereby 
glass shel 1 s are formed. Metal -organic gel s as glass precursors permi t  
t he  formation o f  hol low glass spheres w i t h  a v a r i e t y  o f  glass compositions 
[4,5,61. 
I n  view o f  t he  1 i m i t a t i o n s  on she l l  s ize  and qua1 i t y  t h a t  are imposed 
by the  g r a v i t a t i o n  and aerodynamic forces on the  cur ren t  methods, the  
manufacture o f  shel 1 s i n  the  near-weightless environment o f  space seems t o  
be a v iab le  a l t e r n a t i v e  t o  earth-based manufacture of large-diameter 
h i  ghly-uniform she1 1s. A necessary p re l  iminary t o  any glass manufacturing 
experiments i n  space i s  a b e t t e r  understanding o f  the ge:-to-glass-sphere 
l~on-concent r ic i ty  i s  defined by the  r a t i o  o f  Pd/d where d i s  the wa l l  
thickness. Aspher ic i ty  i s  defined by the  r a t i o  AR/R, t h a t  i s  the 
d i f f e rence  between the maximum and minimum external  r a d i i  o f  the oblate, 
d iv ided by the  minimum radius. Surface i r r e g u l a r i t i e s  are surface 
features, debris, o r  reac t ion  products deposited on the surface. 
transformation, and an assessment of t he  e f f e c t s  o f  g r a v i t y  on these 
processes and upon the  f i n a l  molten glass shel 1. Such an understanding 
could be a t ta ined  by a thorough i n v e s t i g a t i o n  and model 1 i n g  o f  the  mechanisms 
t n a t  comprise the gel - to-glass shei 1 t ransformat ion t h a t  occurs dur ing  the 
t e r r e s t r i a l  manufacture o f  shel 1 s. 
Our ground-based ,research has consisted o f  th ree  phases: 1 )  determining 
the  gel morphology and t h e m c h e n ~ i s t r y ,  2)  model l ing furnace-to-gel heat 
t r a n s f e r  and 3) modell i n g  the  e f f e c t s  o f  g r a v i t y  on the c o n c e n t r i c i t y  
o f  the  f i n a l  glass she l l .  The r e s u l t s  of these e f fo r t s  are presented herein. 

forming a closed-cel l  foam, and a t  800 t o  900°C f i n a l l y  formed a crude 
foam o r  mul t i -vo id  spheroid. These observations are sumnarized i n  Table 1. 
Other, more complex metal -organic gels behaved s im i l a r l y  when examined 
by hot stage microscopy, tha t  i s ,  the unhydrolyzed gels remained r i g i d  
and unchanged u n t i l  500 t o  600°C, a t  which time the organic species 
compri sing the gel carbonized. These unhydrolyred gel s then fur ther 
experienced a volume increase due t o  foaming, much l i k e  pop-(.I. { ' lowed 
by glass f low a t  the surface a t  600 t o  700°C. be l t i ng  o f  t-.-. "glass ~ n d  
oxidation of carbon occurred a t  800 t o  1000°C. The oxidat ion of the 
trapped carbon probably provided a s:gnificant quant i ty  of Cop f s i  d r i ~ i n g  
the shel l  expansion t o  completion i n  t h i s  temperature regime. The 
corresponding hydrolyzed gels general ly formed a foam structure and expanded 
a t  400°C; otherwise they behaved s imi lar ly .  She1 1 intermediates tha t  were 
recovered from shel l  -form'ing experiments have yielded fur ther ins igh t  i n t o  the 
gsl morphology. These intermediates, formed from 20 t o  180 pgm cyl inders 
o f  compacted gel powder (gel pel lets) [7]  i n  a ve r t i ca l  furnace, ranged 
from pa r t i a l  ly-expanded gel pel 1 e ts  t o  black spheroids having an in terna l  
c l  osed-cel 1 st ructure t o  crude, carbon-1 aden spheres. Scanni n$ electron 
microscope views of these intermediates, Figure la-1 d, show the sequence 
o f  changes i n  the external and in terna l  gel st ructure as the gel pel l e t s  
transform i n t o  hollow glassshell s. A t  r e l z t i v e l y  low p a r t i c l e  temperatures 
('L 500°C), before s i gn i f i can t  surface f low occurred, the gel grains tha t  
comprise the p e l l e t  were expanded by the gaseous pyrolysates generated i n  
the gel ; a closed-cell foam s t r u c t u r ~  was formed i n  the gel. Upon heating 
the gel t o  approximately 600°C, further p e l l e t  expansion, s in te r ing  of the 
grains and s i gn i f i can t  surface f low occurred, co r -o l ida t ing  the p e l l e t  surface. 
A t  higher temperatures, as the material became f l u i d ,  the surface tension 
became dominant, causing the spheridizat ion o f  the gel p a r t i c l e  and the 
subsequent collapse o f  the in te rna l  closed-cell foam structure i n t o  a crude 
hollow sphere (Fig. Id ) .  This consol i da t ion  o f  the in terna l  closed-cell 
structure wi th In  the spheroid i s  more read i l y  in fe r red  from the decreasing 
number o f  voids i n  the spheres i n  Figure 2. The product of t h i s  process 
i s  a black spheroid whose th ick  wal ls  contain bubbles and carbon inclusions. 
The l a s t  phase o f  the process i s  fu r the r  expansion and f f  ning of the hollow 
glass sphere, driven by the oxidat ion o f  these carbon inclusions. 
Experfmental work I n  support of heat-transfer model 1 i ng  (discussed l a t e r )  
indicated t ha t  the transformation o f  the gel t o  a hollow black spheroid 
occurs rapid ly(wi t5"n %1 sec 8 1000-1310°C) f o r  gel pa r t i c les  as massive 
s 
Table 1. Gel Morphology From Hot Stage iqicroscopy 
Temperature f o r  S t ruc tu re  Changes ("C) 
Sodi um R i g i d  Foami nq Crude ~ h e l 7 1  
~e 1 S i l i c a t e  Gel S i n t e r i n g  ~ x p a n s i o n  Spheroid Cen t ra l  vo i  dl 
Aqueous-Based 
Metal -Organic 
Hydro1 yzed 
Metal -0rgani  c 
25" 
25" 
25" 
150" 
240-400" 
800-900" 
- 
- 
400" 
300" 
800-900" 
- 
150-200" 
5 01 
- 
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Figun, 1 b. Gel Sintwing and Expansion o: Cell Stmcwre. 
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Figure 1 d. Hollow Glas  Shell, Unfined. 
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Fipm 2. Foam Coalexense in Glass Spheroid. 
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as 20 pgm. However, subsequent f i n i n g  o f  t he  carbon and gas bubble 
inc lus ions i n  the glass wa l l  was imcomplete even a f t e r  an add i t i ona l  f i v e  
seconds residence t ime i n  the  furnace. 
This morphology was deduced from gel  p a r t i c l e s  t h a t  were p a r t i a l l y  
transformed by heat ing i n  a  v e r t i c a l  furnace, as we l l  as by supplementary 
experiments i n  a  box furnace. A s i m i l a r  morphology was ev ident  i n  metai-  
organic gel t h a t  was heated t o  mel t ing  wh i le  l e v i t a t e d  i n  an a i r  j e t .  
This work was done by D r .  Edwin Ethr idge of MSFC using gel  samples we 
provided [a]. 
On the  basis  o f  the  above observations from shel l - forming experiments 
i n  our v e r t i c a l  furnace, hot  stage microscopy, and a  l i m i t e d  number o f  
l e v i t a t i o n  experiments, a  general r,looel f o r  a transfornia-lion o f  tne gel 
morphology can be v isual ized:  a) closut-e of surface of the porous gel 
s t ructure,  such as by an i n i t i a l  s i n te r i ng ,  b )  iow-temperature foam 
generation, c)  p a r t i c l e  spher id iza t ion  and foam expansion, d) vo id  
consol i da t i on  (foam coalescence) and f u r t h e r  expansion t o  a  s ing le -vo i  d  
spheroid, dn:i e !  f i r ,a l  f i o i n g  o f  glass wa l l  o f  the she l l  t o  remove elemental 
carbon inc lus ions  and gas bubblds. The model i s  a  general one, and the 
cha rac te r i s t i c  temperatures o f  each s t a t e  may vary subs tan t i a l l y ,  depending 
on the  composition and heat ing o f  the gel.  
2.2 M a s s / D i m e n s i o m .  The change i n  morphology, t h a t  i s  i n  
gel lV!ac,s and dimensions, r e s u l t i n g  from py ro l ys i s  o f  the gel was determined 
qudnt i t2 tSvely as a  func t ion  o f  temperature i n  the  range o f  20 t o  600°C. 
Since i r regular ly-shaped gel p a r t i c l e s  were n o t  su i t ab le  f o r  t h i s  purpose, 
the  unhyd r~ l yzed  gel was crushed i n t o  a  f i n e  powder and compacted i n t o  r i g h t  
c i r c u l a r  cy l inders  (gel  p e l l e t s ) ,  fo r  which the diameter, length, and mass 
was acct!rately determined [ 7 j .  Thus a  batch of sodium s i l i c a t e  gel pe l l e t s ,  
250 . , n  i n  diameter and 250 urn long, were f u l l y  character ized f o r  dimensions, 
-.-;s, composition o f  pyro lyzable v o l a t i l e s  and s p e c i f i c  heat as a  func t ion  
o f  '.emperature. Platinum c r t ~ c i b l e s  conta in ing 50 nigm samples o f  these 
pel l e t s  were heated ir, a i r  a t  ZOO0, 400°, 500°, 600°, and 800°C fo r  o r e  
hour; these p e l l e t s  were subsequently completely recharacter ized t o  assess 
the cha~ges i n  the gel .  The r e s u l t s  are summarized i n  Table 2. This 
divensional analysis,  and subsequent SEM inspect ion o f  the pyrolyzed samples, 
shown i n  Figures 3a and 3b, corroborated the observed i n i t i a l  exparision 
of gel p e i l e t s  t ha t  were pyrolyzed a t  400 t o  600°C. Pe l l e t s  t h a t  were 
pyrolyzed a t  600c had expanded an average 20% i n  diameter and 20 t o  50% i n  
Table 2. Effect of Heat Treatment on Gel Pellets 
Diameter 
Sampl e Treatment .h!!L 
1 untreated 261 - + 2 
2 200°C 246 - + 2 
3 400°C 254 - + 5 
4 500°C 267 - + 2 
5 600°C 301 - + 6 
6 800°C b 
Length [.la s s Am,% a 1 M - -AU!L 
a )  Mass loss, Am. i s  based on the mass (m)  of the untreated pellets 
b )  Gel pellets were completely me1 ted and no t  recoverable as pel l e t s  
OFHGlNAt PAGE 
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Fiym 3 a. Effect of Gel Pyrolysis. 
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600" 
Figurn 3 b. Effect of Gel Pyrolysis. 
l eng th  depending on the ex ten t  of pel l e t  dens i f i ca t i on  dur ing compaction, 
and had experienced a corresponding mass l oss  of 27%. SEM inspect ion  showed 
the pel l e t  surface had formed a continuous outer  surface o f  rough tex tu re  
due t o  underlying gas bubbles. Enough surface f low had occurred t o  
f i r m l y  fuse contiguous pel  1 ets .  
The 800°C sample had me1 ted  completely t o  puddles of black, foamed 
"glass" t h a t  f i r m l y  adhered t o  the p lat inum boat and were no t  recovered 
f o r  a determinat ion o f  t he  mass loss. Therefore, the mass loss  was determined 
f o r  the  who1 e pel let- to-she1 1 transformation, ra the r  than f o r  j u s t  t he  
molten "glass" a t  800°C, from she l l s  fomed a t  1500°C from p e l l e t s .  These 
data are shown i n  Table 3. These mass co r re la t i ons  were obtained i n i t i a l l y  
from d iscre te  p e l l e t - s h e l l  pa i rs .  This  e n t a i l e d  a) p e l l e t  mass and s ize  
determination, b)  formation o f  the she l l  from p e l l e t ,  one a t  a t ime, i n  
a 1500° furnace, and c )  she l l  mass and s ize  determination. (Once i t  was 
determined t h a t  the gel p e l l e t s  d i d  no t  fragment during heating, these 
data were obtained by s t a t i s t i c a l  batch analyses, such as those i n  Table 4.) 
The average mass l o s s  o f  26.2% observed f o r  these she1 1s however, i s  s l m i  l a r  
t o  t ha t  found f o r  p e l l e t s  heated t o  600" i n  a box furnace. This  ind ica tes  
t h a t  most o f  the  mass l o s t  i n  the  ge l - to -she l l  t ransformat ion i s  l o s t  before 
the gel reaches 600". This  conclusion i s  corroborated by thermogravimetric 
analyses (TGA) of gel powder and gel p e l l e t s ,  wherein most o f  the evol ved 
gases comprising the l o s t  mass are l o s t  p r i o r  t o  500-600°C, and an 
essen t i a l l y  s tab le  mass r e s u l t s  beyond tha t ,  up t o  1000". A t y p i c a l  TGA 
thermogram i l l u s t r a t i n g  t h i s  f o r  both unhydrolyzed and hydrolyzed gel i s  
shown i n  Figure 4. When dry gel i s  preheated by heat ing a t  100°C t o  a 
constant weight t o  desorb H20, the mass loss  observed fo r  the gel by TGA i s  
approximately 15% o f  the  dry  gel mass. For the untreated dry gel ,  such as 
the  above pel l e t s ,  t y p i c a l  mass losses observed by TGA are 20-243 (o f  the 
dry gel mass) somewhat lower than losses r e s u l t i n g  from heat ing p e l l e t s  
a t  600°C o r  from the gel -to-she1 1 transformation. Under c e r t a i n  condit ions, 
e.g., low gel p a r t i c l e  mass, high furnace temperatures and high she l l  
surface area t o  glass mass, i t  i s  possib le t o  loose appreciable amounts 
o f  the  a l k a l i  and boron present i n  the glass she l l  formed from the  p e l l e t .  
2.3 Shel ls  From Pyrolyzed Pe l le ts .  To determine whether the  heat- 
t rea ted  gel pel l e t s  s t i l l  contained s u f f i c i e n t  blowing agent t o  form 
shel ls ,  t he  p e l l e t s  which were pyrolyzed as  described above were d r o ~ p e d  
Pel 1 et 
-- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Table 3. Pellet-to-Shell Mass Correlations 
Mass (uqm)a) Mass (pgm)a) 
9.2 
% Mass Loss 
31.8 
22.0 
30.7 
28.4 
23.8 
22.1 
24.3 
25.6 
2?. 1 
a) Mass measurement uncertainty 2 5%. 
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through t he  furnace a t  1  300°C ( d r y  a i r  environment). The s h e l l  produced 
from t h e  unheated and t he  200"-, 400"-, and 500"-pyrolyzed p e l l e t s  were 
v i r t u a l l y  i d e n t i c a l  i n  y i e l d ,  q u a l i t y ,  s ize,  and mass, as shown i n  Table 4 
and F igure 5 .  The average diameters of t he  s h e l l s  f rom the  500"- and 600"- 
pyro lyzed ge l  p e l l e t s  a re  l a r g e r  than those f o r  t he  o t h e r  p e l l e t  samples, 
and a l s o  have a  corresponding ly  w ider  standard dev ia t i on  f o r  the  average 
diametein of  t h e  samples. While these data imp ly  t h a t  t he  s h e l l  diameters 
increase w i t h  i nc reas ing  p y r o l y s i s  temperature, the  data a c t u a l l y  r e f l e c t  
an inc reas ing  frequency of s h e l l  m u l t i p i e t s  (%lo%) i n  t h e  s h e l l  sample. 
These m u l t i p l e t s  had tw i ce  t he  average s h e l l  mass; they  were dropped 
from t h e  mass ana lys is .  Hovever t h e i r  diameters were o n l y  s l i g h t l y  l a r g e r  
than t h e  normal popu la t ion  and cou ld  n o t  be ~ o s i t i v e l y  i d e n t i f i e d ,  n o r  
consequently e l im ina ted  from the  s i z e  ana lys is  on Ihe  bas is  o f  diameter.. 
They t h e r e f o r e  skewed t h e  ana l ys i s  t o  a  l a r g e r  average. I t  i s  presumed 
t h a t  these m u l t i p l e t s  a re  t he  products  o f  c o l l i s i o n  between ge l  p e l l e t s  
o r  s h e l l s  i n  the  furnace. Ev iden t l y  the  gases evolved by t he  py ro l yz i ng  
ge ls  e f f e c t i v e l y  d isperse a  ge l  charge i n  the  furnace, reduc ing t he  chance 
o f  c o l l  i s i o n .  A s i g n i f i c a n t  reduc t ion  of these evolved gases by p r i o r  
p y r o l y s i s  o f  t h e  ge l  r e s u l t s  i n  i n e f f e c t i v e  p a r t i c l e  d ispers ion  and an 
increased c o l l i s i o n  frequency. The 600°C-pyrolyzed sample s i n t e r e d  and fused 
a t  con tac t  po in t s .  These agglomerates, which were used w i  thowt separat ing 
them, expanded a t  1300°C, b u t  due t o  t h e i r  g rea te r  mass, formed o n l y  crude 
spheroids. The 800°C sample had formed "g lass"  puddles and was n o t  recoverable.  
Thus the  heat treatment, which s t r i p p e d  the  gel  of cons iderable amounts 
o f  v o l a t i l e s ,  d i d  no t  a l t e r  t he  p e l l e t s  i n  any way t h a t  af fected t h e  s h e l l -  
forming process. Ev iden t l y  t h e  res idua l  elemental carbon and/or t he  NatC03 
i n  t h e  ge l  (see below) a re  t he  sources of C02 s u f f i c i e n t  t o  form t h e  s h e l l .  
2.4 S p e c i f i c  Heat. The spec i f i c  heat of t h e  p e l l e t s ,  determined 
by d i f f e r e n t i a l  scanning ca lo r ime t r y ,  changed markedly as t he  organic  
and inorgan ic  species i n  t he  ge l  were removed by p y r o l y s i s .  F igure  6 
shows t h e  s p e c i f i c  heat (C ) as a  func t ion  of  temperature f o r  two ge l  P  
samples pyro lyzed a t  400°C and 600°C, and f o r  the  unpyrolyzed ge l .  The 
f i g u r e  a lso  inc ludes  t he  C t r a c e  f o r  t he  sapphire (A1203) c a l i b r a t i o n  P 
standard. The unpyrolyzed ge l  i n  general e x h i b i t s  a h igher  C due t o  t he  P 
l a t e n t  energy due t o  the  s i  l a n o l  condensation, organic  py ro l  y s i  s and NaHC03 
deconiposit ion react ions.  But superimposed on t h i s  i s  a  s t rong  endotherm 
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a t  approximately 100°C, corresponding t o  t h e  evaporat ion o f  adsorbed H20 
and f r e e  ethanol ,  and exotherms a t  approximately 400°C and 600°C, 
corresponding t o  o x i d a t i o n  o f  evo lved a rgan ic  py ro lysa tes  and ge l  s i n t e r i n g  
reac t ions .  These a re  t o t a l l y  absent i n  t he  C t r a c e  f o r  t h e  ge l  pyro lyzed P 
a t  600°C. The t r a c e  i s  s i m i l a r  t o  t h a t  of the sapphire standard ( though 
somewhat endothermic) and t o  C values f o r  g lass.  Gel pyro lyzed 
P 
a t  400°C e x h i b i t s  t h e  expected fzatures, i .e., below 400°C i t  e x h i b i t s  
C values s i m i l a r  t o  sapphi r e  and t h e  600°C-pyrolyzed ge l ,  bu t  above 400" P 
e x h i b i t s  t t - 2  o x i d a t i o n  and s i n t e r i n g  exotherm, s i m i l a r  t o  those o f  the  
unpyrolyzed ge l .  The p y r o l y s i s  of  a ge l  produces a decrease i n  t he  s p e c i f i c  
heat, as measured a t  a sample temperature o f  100°C, from 5.4 j/gm K t o  8.4 
j /gm K, due t o  t h e  e l i n i n a t i o n  of  the  endo themic  p y r o l y t i c  reac t ions .  It 
produces an increase i n  t he  s p e c i f i c  heat a t  600" from 0.85 j/gm K t o  1.27 
g/gm K due t o  t he  e l i m i n a t i o n  of  the exothermic reac t i cns .  Thus t he  s p e c i f i c  
heat o f  ge l  samples pyro lyzed a t  600" and s t r i p p e d  o f  a l l  endothermic and 
exothermic r2ac t ions  ranges from 0.84 ( a t  100°C) t o  1.27 j/gm K ( a t  600°C). 
Th is  !s comparable t o  t h a t  of  g lass,  which ranges from 0.92 ( a t  100°C) t o  
1.30 j l g m  K ( a t  600°C). 
2.5 Gases Evolved by Gel Pyro lys is .  Gases a re  generated i n  and evolved 
by t h e  ge l  dur ing  py ro l ys i s ,  and a re  t h e  agents t h a t  expand the  c l osed -ce l l  
foam s t r u c t u r e  t h a t  e v c n t u a l l y  r e s u l t s  i n  a ho l low g lass  s h e l l .  As i s  ev i den t  
from t h e  above mass analyses and s h e l l  - forming experiments, most o f  these 
evolved gases escape from the  ge l ,  e s p e c i a l l y  du r i ng  t h e  e a r l y  stages o f  
t h e  p y r o l y s i s  p r i o r  t o  s i n t e r i n g  o f  t he  porous g e l .  They ?resui81ably conlprise 
most o f  t h e  observed mass l o s s  f rom the  ge l .  These gases were i d e n t i f i e d  
by pyro lys is-gas chromatography (PGC), pyrolysis-mass spectrometry (PMS) 
and, i n d i r e c t l y ,  by d i f f e r e n t i a l  thermal dna l vs i s  (DTA). The i d e n t i t i e s  
o f  evo lved gases obta ined by PGC analyses, and t he  t y p i c a l  r e l a t i v e  amounts 
o f  t he  evolved gases, a re  g iven i n  Table 5. Typ ica l  chromatograms o f  
t h e  evolved gases a re  shown i n  F igure 7 f o r  sodium s ' l i c a t e  ge ls  made from 
aqueous s i l i c a t e  s o l u t i o n  and from metal-organic so lu t i on .  The t races  a l so  
show g r a p h i c a l l y  the  d i f f e r e n c e  i n  the evolved species f lom meta l -  
o rgan ic  ge l  t h a t  has been mainta ined d ry  (unhydrolyzed) and t h a t  exposed 
t o  ambient humid i ty  (hydro lyzed) .  Thus, t he  evolved gases from a l l  these 
ge l s  c o n s i s t  t y p i c a l l y  o f  C02 and H20; those gases evolved from unhydrolyzed 
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metal - o r g a n ~ c  ge l  a l s o  i nc l ude  ethanol  and i t s  pyro lysates.  
The source of  t h e  watet cons i s t s  o f  chemica?ly  bound species as w e l l  
as molecular  water  adsorbed t o  t he  h i g h l y - a c t i v e  ge l  sur face.  Chemical ly 
bound water i s  present  i n  the  form o f  metal hydrates, s i l a n o l  groups and 
metal-bicarbonates (see below).  The o rgan ic  gases and addi  t i c , , - ? l  ratr:r 
/ 
a r i s e  f rom t h e  p y r o l y s i s  of  r es i dua l  organic  groups, such as s i l i c o n  
ethox ide i n  the  ge l  network: Si 
These gases serve as i n i t i a l  ge l  +'oaming ( o r  expansion) agents even be fo re  
o x i d a t i o n  occurs. Complete o x i d a t i o n  o f  t h e  e thox i  des (and t h e  hydrocarbon 
pyro lysa tes )  would f u r t h e r  p romce  2  moles o f  C02 and 3 m l e s  o f  water f rom 
. - 
every equ i va len t  ethoxide. Ihe o x i d a t i o n  o f  t h e  organic  py ro lysa tes  (as 
they a re  evolved by  t h e  ge l ,  n o t  w i t h i n  t he  g e l )  i s  suggested by DTA al;alyses 
such as shown i n  F igure  8. Analyses us ing  a i r  as the  ambient gas y i i l d e d  
exotherms a t  ,450°C and a t  %800°C, whereas w i t h  n i  t r o g ~ n  endothems appear 
a t  these temperatures. These r e s u l t s  a t t e s t  t o  the  e v o l u t i o n  o f  o x i d i z a b l e  
gases; however s ince  elemental carbon i s  formed w i t h i n  the ge l  under these 
cond i t ions ,  oxygen permeation o f  t he  ge l  must be minimal and any o x i d a t i o n  
must be occu r r i ng  ex te rna l  t o  t h e  ge l .  
A c o r r e l a t i o n  o f  TGA, DTA and PMS analyses o f  such an unhydrolyzed 
meta l -organic  ge l ,  as i n  F igure 9, c l e a r l y  shows the  s i g n i f i c a n t  mass l o s s  
due t o  an i n i t i a l  l o s s  o f  H20. e thanol ,  and C02 and a  r a t h e r  sharp mass l oss  
a t  approximately 450" due t o  the l o s s  o f  the  o rgan ic  pyro lysates.  Th is  
mass l o s s  a t  450" corresponds t o  the  r a t h e r  r a p i d  format ion of a  c l osed -ce l l  
foam s t r u c t u r e  i n  t h e  ge l  a t  400-500". 
The p r i s t i n e  meta l -organic  ge l ,  which i s  produced by a  con t ro l  l e d  p a r t i a l  
hyd ro l ys i s  o f  t he  precursor  s o l u t i o n  ( i n  e thano l )  o f  the appropr ia te  n e t a l -  
a lkox ides,  conta ins a  s i g n i f i c a n t  ~urnber  o f  e thox ide mo ie t ies  i n  the d r i e d  
ge l .  The mo ie t ies  a re  expected t o  be water sens i t i ve .  While the d r i e d  ge l  
has been shown t o  be s t a b l e  when s to red  under anhydrous cond i t ions ,  the  ge l  
does age when exposed t o  ambient humid i ty ,  w i t h  a  consequent reduc t ion  i n  t h e  
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ethoxide content. In fact ,  removal of the bulk of the organic r e s i d ~ e s  
can be achieved by controlled hydrolysis of the gel through exposure o f  
the gel to  a constant high humidity environment. The extent of hydrolysis 
and tne reduction of the organic constituents in the gel are reflected in 
the data of Table 5. While they show a decrease in organic pyrolysates, 
hydrolyzed gels also show an increase in evolved C o p  in PGC analysis. 
Since the gel i s  pyrolyzed in th i s  analysis in an iner t  helium atmosphere, 
this  suggests that the evolved C02 i s  not organic in nature. This 
conclusiori i s  substantiated by the considerable C o p  levels in PGC analyses 
- 
of sodium s i l i ca t e  made from an inorganic, aqueous solution. A source 
of the evolved C02 may be alkali  carbonates or bicarbonates in the gel. 
Adsorbed or trapped a i r  in the porous gel will not supply enough C02 t o  
blow she1 1s since the natural level of C02 i n  a i r  i s  only 0.033 percent. 
A C02 concentration mechanism i s  required, and can exis t  in the form of 
the reactive a1 kal i (sodium) in the gel. Sodium bicarbonate, NaHC03, and 
sodi urn carbonate, Na2C03, can form upon exposure of the m i  sture-sensi t ive 
metal-organic gel to the humidity and C02 in the a i r .  These reactions are 
thermally reversible, and should yielded C02 in two dis t inct  temperature 
regimes: a )  below 300°C, by decomposition of NaHC03 to Na2COg and b )  
above 900°C, by decomposition of Na2C03 t o  Na20. When the gel was synthesized 
and handled under argon to prevent the formation of the carbonates due to  
exposure to ambient a i r ,  the PG2 analysis showed a significant reduction 
of the C02 levels i n  the gel pyrolysates (Table 5 ) .  
3. NATURE & SOURCE OF SHELL FORMING GASES 
3.1 Residual Gases I n  Shel ls .  The in te rmed ia te  stage i n  the ge l  - 
to-g lass shel 1  t rans  iormat ion, a  p l osed -ce l l  foam s t ruc tu re ,  i s  formed by 
t he  gases generated and trapped i n  t he  py ro lyzed  ge l .  These i n i t i a l  b lowing 
gases a re  H20, Cop and t he  hydrocarbons methane, e thy lene  and ethane. The 
f i n a l  stage, t h e  f i ned  ho l low g lass  s h e l l ,  i s  formed by t h e  b lowing gases 
t h a t  remain i n  t he  s h e l l  as res idua l  gases. These gases were presumed 
t o  cons i s t  p r i m a r i l y  o f  t he  descendents from t h e  above pyro lysa tes  and 
t o  o r i g i n a t e  froill t h e  o rgan ic  species i n  the  ge l .  The composit ion o f  these 
res idua l  gases i n  t he  g lass s h e l l s  was analyzed by gas chromatography; the 
i d e n t i f i c a t i o n  of  t h e  components was confirmed by mass spectrometry.  
Carbon d iox ide  i s  t h e  major  gas c o n s t i t u e n t  i n  the  s h e l l s  prepared 
from meta l -crganic  ge ls .  Oxygen and n i t r o o e n  a re  secondary, b u t  toge ther  
conpr ise 10 t o  40 percent  o f  the res idu i i  .s. Other poss ib l e  permanent 
gases, such as carbon monoxide o r  r l i t r c  ;- s, were n o t  detected by 
e i t h e r  gas chromatography o r  mass spcctr  . The r e l a t i v e  concentrat ions 
of these gases i n  four  d i f f e r e n t  s h e l l  samples, as determined by gas 
chromatography, a re  presented i n  Table 6. These data suggest a  c o r r e l a t i o n  
between res idua l  gas composit ion and g lass  composit ion b u t  t he  i n fo rma t i on  
p resen t l y  a v a i l a b l e  i s  i n s u f f i c i e n t  t o  e s t a b l i s h  t h i s  r e l a t i o n s h i p .  The 
I 
pressure o f  t h e  res idua l  gazes a t  room temperature i s  0.17 t o  0.20 atm 
f o r  th ree  o f  t h e  samples; t h i s  i s  t h e  expected range f o r  s h e l l s  i n i t i a l l y  
a t  pressure e q u i l  i b r i u m  a t  t h e  manufactur ing temperature o f  1200-1500°C 
and subsequently cooled t o  room temperature. The res idua l  gas pressure i n  
t h e  ca lc ium con ta in i ng  glass, however, i s  h igher  than would be expected 
from s i m i l a r  c a l c u l a t i o n s  based on the  'urnace temperature aqd g lass  
sur face tens ion  cons iderat ions.  Th is  h i gh  res idua l  pressure i s  r iot  an 
a r t i f a c t ,  having been observed i n  several  ca l  c i  u111-containing g lass 
sampl es. 
Water was analyzed bu t  does n o t  appear i n  t h e  gas ana l ys i s  r e s u l t s  
presented i n  Table 6. Nevertheless, i t  i s  be1 ieved t o  be an impor tant  
species i n  s h e l l  blowing, and, depending on i t s  concen t ra t ion  i n  the  ge l  
and the  furnace ambience, can in f luence  several  g lass p rope r t i es  and shel 1  
c h a r a c t e r i s t i c s .  I n d i r e c t  evidence f o r  t h e  ex is tence  of water vapor i n  t he  
she l l  dur ing t h e  biowing process i s  t he  presence o f  "weathering" products 
detected on t h e  i n t e r i o r  surfaces o f  most s h e l l s  by scanr~ ing e l e c t r o n  
Table 6. Residual Gases i n  She l l s  of Several Compositions 
R e l a t i v e  Concentrat ion 
She l l  Glas 5 Volume %, By GC Pressure Systema (atm) 
C02 O 2 2 
Na, S i  71 19 10 0.19 
( Unhydrol yzed) 
Na, S i  30 13 7 0.1 75 
(Hydrolyzed) 
Na, K, 8, Ca, S i  63 16 2 1 0.23 
(Unhydrolyzed) 
Na, K, B, S i  88 8 4 0.20 
(Unhydrol yzed) 
a) The metal ox ide  g l a s j e s  were prepared from d r i e d  
metal -organic  ge l  s which were e i t h e r  subsequently 
kept  d r y  (unhydrolyzed) o r  exposed t o  80% RH f o r  
about 5 days (hydro lyzed) .  She l l s  were blown i n  
a d ry  a i r  environment. 
microscopy. These features are t y p i c a l l y  r i c h  i n  a l k a l i  (such as sodium) 
and near ly  i d e n t i c a l  i n  appearance t o  those found on the e x t e r i o r  o f  
she l l s  which are commonly associated w i t h  any a1 ka l  i - r i c h  glass surface 
exposed t o  water vapor. Water vapor, as h igh  as 30% of res idual  gases, has 
indeed bean detected as one o f  t h e  res idua l  gases when the s h e l l s  were 
prepared i n  an environment enriched i n  water vapor (See Table 7) [9]. 
When glass she l l s  are formed i n  furnace environments having low water- 
vapor content, water i n i t i a l l y  i n  the gel may p a r t i c i p a t e  i n  the blowing 
process, bu t  subsequently i t  e i t h e r  di f fuses through the she l l  wa l l s  and/or 
i s  t o t a l l y  consumed by the  glass surface and i t  thus no t  found i n  res idual  
gas analys is .  This  can a lso exp la in  the low incidence o f  surface features 
on she l l s  blown i n  dry a i r .  
3.2 Source of the Gases. The py ro l ys i s  o f  metal -organic gels  generates 
up t o  20% by weight ( o f  the d ry  ge l )  o f  v o l a t i l e s  cons i s t i ng  o f  COZ, H20, 
and ethanol and i t s  pyro lysates as noted above. A l l  o f  these are po ten t i a l  
shel 1 -blowing agents. 
An ample source o f  C02 (and H20) i s  the  ox ida t ion  o f  the ethoxides, 
trapped ethanol and the  pyro lysates of ethanol trapped i n  the gel .  I f  the  
ox ida t i on  o f  these organic residues i n  t he  gel i s  the prime source of t he  
C02 blowing agent, then a reduct ion of these residues should a f f e c t  she l l  
formation. A reduct ion o f  organics was achieved by cont ro l  l e d  hydro lys is  
o f  d r i e d  gel ,  which cleaved res idual  ethoxide groups f r o m  s i l i c o n  and 
1 ibera ted  ethanol . I n  add i t ion ,  fo r  comparison purposes, a gel sample 
was prepared from an aqueous sodium s i l i c a t e ;  there were 9 organic 
mater ia ls  used i n  the synthesis o f  the gel .  
Subsequent shel 1 -forming experiments using unhydrolyzed metal -organic 
gel , hydrolyzed metal -organi c gel and inorganic gel produced shei 1 s o f  
supr i  s i n g l y  good qua1 i t y  and y i e l  d f o r  a1 1 three gels  a1 though the  shel 1 s 
from the  unhydrolyzed gel had h igher  aspect r a t i o s  (def ined as the r a t i o  
o f  t he  she l l  diameter t o  wa l l  thickness, O D j W ) .  Likewise, gel p e l l e t s  t h a t  
were pyrolyzed a t  temperatures up t o  500°C so tha t  on ly  low l e v e l s  o f  
elemental carbon and sodium carbonate rerained, resul  t ed  i n  shel 1 y i e l  ds 
and q u a l i t y  s i m i l a r  t o  those produced by unpyrolyzed gel ,  as discussed 
above. These r e s u l t s  are contrary t o  those expected f r o m  a comparison 
simply of the  po ten t i a l  organic v o l a t i l e s  o f  these gels, as summarized 
i n  Table 5, and suggest t h a t  ox ida t ion  of organic species may not be the 
dominant source o f  C02 f o r  forming she l l s .  
Table 7. Residual  Gases i n  Shel 1s Exposed t o  Water Vapor 
Dur ing  Shel 1 B lowing 
R e l a t i v e  Concent ra t ion ,  
Volume %, by GC 
She1 1 Glass 
Sarnpl e 5ystem Furnace Gas C02 O2 2 3 
I 
1 Na, K, B, Ca, Si Dry A i r  57.9 18.6 23.5 0 
2 Na, K, B, Ca, S i  Water Vapor, 21.3 14.7 30.9 33.1 
A i r  
3 Na, K, B, S i  Dry A i r  88.2 7.5 4.3 0 
4 Repass of 3 th rough  Water Vapor, 44.3 17.7 7.2 30.7 
fu rnace  A i  r 
5 Na, K, B, S i  Water Vapor, 35.8 17.0 15.7 31.4 
A i  r 
6 Repass o f  5 through Dry  A i r  54.8 33.7 11.5 0 
fu rnace  
I n  add i t ion ,  the  PGC analyses o f  gels, i n  which the  gel f s  pyrolyzed 
i n  a he1 ium flow, show substant ia l  l e v e l s  of Cop i n  the  evolved qascs and 
suggest a C02 source i n  gels  t h a t  i s  inorganic, e.g.. a1 kal  i carbonateis. 
Minimizing the  carbonate formation by s y n t h e s i ~  ing, hand1 i n g  and hydrolyz ing 
the  gel under argon, f r e e  o f  C02, d i d  decrease the  ava i l ab le  C02, but  
d i d  no t  e l i n i n a t e  i t . Such gel ,  i .e., w i t h  minimized carbonates and 
res idual  organic content, produced she l l s  i n  J ~ e l d ,  aspect r a t  lo, and 
q u a l i t y  cc :3arable t o  those she l l s  from the th ree  gels  above. The r e s u l t s  
show essent i  a1 l y  t h a t  minimizing the carbonates and res idual  organics 
i n  the  gel has no s i g n i f i c a n t  e f f e c t  on C02 l e v e l s  i n  the she l ls .  
Other experiments performed i t L  our labora tory  have f u r t h e r  substant ia ted 
our conclusion t h a t  res idua l  l e v e l s  o f  elemental carbon, formed by 
py ro l ys i s  o f  the res idua l  organics, and a l k a l i  carbonates generate 
s u f f i c i e n t  C02 t o  blow good she l l s  [9]. Only gel pyrolyzed a t  900LC, i n  a i r ,  
su f fe rs  enough reduct ion i n  the  elemental carbon and the  a1 kal  i carbonate 
content t o  r e s u l t  i n  a s i g n i f i c a n t  decrease i n  t he  aspect r a t i o  o f  the 
she l l  s. 
The source of the U2 and N2 i n  the  res idual  blowing gases o f  the she l l s  
i s  probably the ambient furnace a i r ,  which permeates through the molten 
s:hell wal l ,  dr iven by the p a r t i a l  pressure d i f f e r e n t i a l  between the  furnace 
ambience and the  s h e l l  I n t e r i o r .  S i g n i f i c a n t l y ,  the oxygen i s  found i n  
anamolously h igh l e v e l s  compared t o  n i t rogen;  whereas i n  a i r  02/N2 = 0.27, 
i n  she l l s  i t  i s  o f ten  02/N2 > 1. This suggests t h a t  O2 and N2 enter  the 
she l l s  by permeating the  molten s h e l l  wa l l ,  bu t  a t  unequal rates, and are no t  
the  r e s u l t  o f  a i r  encapsulation caused by gel s ~ n t e r i n g .  A f u r t h e r  though 
less  convincing argument against e n c a p s ~ l a t i o n  o f  ambient gases, such as 
a i r ,  i n  the  gel dur ing s h e l l  blowing i s  the observat ion t h a t  she l l s  from 
gel made and stored under argon, bu t  blown i n  an a i r - f i l l e d  furnace, contained 
a i r ,  but no t  argon. The h igher  than expected O2 l e v e l s  are no t  t he  r e s u l t  
o f  H23 thermclysis,  as an increase of the  water vapor pressure i n  the furnace 
decreases, ra ther  than increases, the 02/N2 r a t i o .  
A f u r t h e r  conf i rmat ion tha t  perineation o f  ambient furnace gases can 
occur dur ing she l l  formation was shown i n  a shel l -b lowing experin,ertt t ~ s i n g  
a p a r t i a l  b a c k f i l l  of argon i n  the furnace. A small amount o f  argon (%5%) 
was found i n  the  she l ls .  Shel ls  formed i n  a i r ,  when repassed through the  
furnace p a r t i a l l y  f i l l e d  w i t h  argon, had s i m i l a r  argon l e v e l s  as the above 
she l l s  tnade i n  argon, and i n  t h i s  case argon could on ly  be present by 
d i f f u s i o ~  through the she1 1 wa l l .  
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4. FURNACE-TO-GEL HEAT TRANSFER MODEL 
The gel  powder, f a l l i n g  a t  te rmina l  v e l o c i t y  through t he  ho t  furnace, 
i s  transformed i n t o  g lass  s h e l l s  prov ided t h a t  s u f f i c i e n t  heat  i s  t r a n s f e r r e d  
t o  the  p a r t i c l e  du r i ng  the t ime i t  res ides  i n  t he  furnace. I f  the  powder 
p a r t i c l e s  a re  t oo  massive and the  t o t a l  residence t ime of t he  powder i s  
consequently t oo  shor t ,  a product  o f  d imin ished qua1 i ty  w i t h  respec', t o  
s p h e r i c i t y ,  un i f o rm i t y ,  and gas bubble i n c l u s i o n s  r e s u l t s .  With our  3.9 m 
1500°C furnace, t h e  p a r t i c l e  mass 1 im i  t i s  o f  the  b rde r  o f  50 pgm. The 
process i s  thereby c u r r e n t l y  l i m i t e d  t o  producing h i gh  qua1 i t y  s h e l l s  w i t h  
diameters tha.t are l e s s  than 1 mm. 
This  l i m i t a t i o n  could be the  r e s u l t  o f  several  fac to rs :  a)  very slow heat 
t r a n s f e r  f rom the  furnace w a l l  t o  the  ge l  (poor  heat  conduct ion by t h e  furnace 
gas), b )  pocr absorpt ior l  of t h e  r a d i a n t  energy by t he  ge l  ( o r  h i gh  
r e f l e c t i v i t y ) ,  c )  slow r a t e s  f o r  t h e  chemical reac t ions  t h a t  produce b lowing 
gas and form molecular  bonds i n  t h e  glass, and d) slow ra tes  o f  mass f l o w  
i n  t he  g e l l g l a s s  ( h i g h  v i s c o s i t y  and slow response t o  the s t r ess  c rea ted  
by the blowing gases). These w i l l  r e s u l t  i n  a very slow expansion o f  t h e  
p a r t i c l e ,  a corresponding1 y slow increase i n  p a r t i c l e  duoyancy i n  t he  furnace 
gas, and r e l a t j v e l y  sho r t  and i n s u f f i c i e n t  p a r t i c l e  residence t imes i n  t he  
furnace. 
'These poss ib le  l i m i t i n g  f a c t o r s  f o r  s h e l l  p roduc t ion  rannot  be r e a d i l y  
i nves t i ga ted  and corroborated er;!pirit?l l y  i n  i - +  a i + ..,e i n  t he  furnace ,due 
t o  the  h o s t i l e  environment o f  t he  furnace, the  small mass and dimensions 
o f  t h e  savple, and t he  dynamic nature and sho r t  du ra t i on  o f  t i l e  whole process. 
One o f  these fac to rs ,  the poss ib le  l i m i t a t i o n  on she: 1 s i z e  imposed by heat 
t r a n s f e r  t o  t h e  ge l ,  was approached w i t h  the  a i d  o f  a forced-convect ion heat  
t r a n s f e r  model. Th is  model was developed t o  c a l c u l a t e  the temperature h i  s t c r y  
o f  a ge l  p a r t i c l e  f a l l i n g  through the  furnace as a func t ion  o f  gel  p a r t i c i e  
parameters and furnace parameters. Thus, f o r  a g iven  se t  o f  ge l  and furnace 
parameters, t h e  model can p r e d i c t  whether the  f a l l i n g  ge l  p a r t i c l e  can reach 
t h e  appropr ia te  temperature f o r  a pre-designated t ransformat ion,  t h e  r a t e  
a t  whicb t h a t  temperature i s  reached, and t he  residence t ime i n  t he  furnace. 
I t  does no t  address t he  quest ion o f  whether a p a r t i c u l a r  ge l  p a r t i c l e  w i l l  
form a ho l low g lass  s h e l l .  
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4.1 Mathematical Model. The heat t r a n s f e r  model has been w r i t t e n  
i n t o  a computer code, termed GELSHEL. It i s  a composite o f  two sub-models: 
a )  a p a r t i c l e  displacement model t h a t  ca lcu la tes ,  as a func t ion  o f  tirfie, 
t h e  p o s i t i o n  of a ge l  p a r t i c l e  i n  a drop-tower furnace, and b) a forced-  
convection heat t r a n s f e r  model t h a t  descr ibes t he  r a t e  o f  heat t r a n s f e r  
from the  furnace t o  t h e  gel  p a r t i c l e .  The GELSHEL code thereby ca l cu la tes  
t h e  temperature o f  a ge l  p a r t i c l e  (and t h e  r e s u l t i n g  she1 1 ) as a f u n c t i o n  
o f  i t s  drop t ime and v e r t i c a l  displacement i n  t he  f - .  nace. 
The p a r t i c l e  displacement model i s  based on Newton's Second Law 
and Stokes' Law . The v e l o c i t y  c f  the  p a r t i c l e  i s  determined as f u n c t i o n  
o f  t ime from Hewton's Second Law. I t s  displacement i n  t he  f u r n x e  i s  
determined by i n t e g r a t i o n  o f  t h e  v e l o c i t y  w i t h  respect t o  t ime. The 
displacement model t h a t  descr ibes t he  p a r t i c l e  p o s i t i o n  w i t h i n  t he  furnace 
as a f unc t i on  o f  the  t ime o f  f a l l  i s  summarized by: 
where 
v = 
S = 
t = 
g = 
- 
Pf - 
- 
"f - 
P = 
p a r t i c l e  v e l o c i t y  
p a r t i c l e  displacement (d is tance  of f a l l  ) 
t ime 
acce le ra t ion  o f  g r a v i t y  
dens i t y  o f  the  furnace gas 
absolute v i s c o s i t y  o f  t he  furnace gas 
p a r t i c l e  dens i ty  
par t ic :e  mass 
f r o n t a l  area o f  the p a r t i c l e  
c h a r a c t e r i s t i c  dimension i n  Reynolds' number; f o r  the  s h e l l  
- b i s  the s h e l l  diameter; f o r  t h e  ge l ,  D i s  the arithmetic 
average o f  a ge l  p e l l e t ' s  diameter and leng th  
The heat t r a n s f e r  model describes the  r a t e  o f  hea t ing  of t he  p a r t i c l e  
i n  the furnace as the  sum o f  both convect ive and conduct ive hea t ing  by 
t he  ho t  furnace gas and r a d i a t i v e  hea t ing  from t h e  furnace tube wa l l s .  
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The mode! i s  based on t he  fundamental heat  t r a n s f e r  r e l a t i o n s h i p  (see 
Appendix I). 
where 
p a r t i c l e  mass 
spec i f i c  heat  of  t h e  p a r t i c l e  
p a r t i  c l  e temperature 
furnace temperature 
t ime 
p d r t i c l e  sur face area exposed t o  t h e  thermal environment 
convect ive heat t r a n s f e r  c o e f f i c i e n t  
Stefan-Bol tzmann constant  
absorptance o f  t h e  p a r t i c l e  
The p a r t i c l e ,  as i t  drops through t he  furnace, changes i n  mass, s i ze ,  
geometry and s p e c i f i c  heat. Th is  e v o l u t i o n  causes subs tan t i a l  changes i n  
t h e  heat t r a n s f e r  r a t e  and p a r t i c l e  v e l o c i t y ,  as a conseqdence o f  t h e  changing 
seometry, surface area and mass, and thus b a r t i c l e  buoyancy and drag. To 
model these changes, t h i s  complex p a r t i c l e  h i s t o r y  i s  conceived as occu r r i ng  i n  
t h r e e  d i s c r e t e  regimes on t h e  bas is  of p a r t i c l e  geometry, wherein the  p a r t i c l e  
geometry i s  determined by t h e  p a r t i c l e  temperature. P a r t i c l e  c h a r a c t e r i s t i c s  
a r e  he1 d constant  w i t h i n  each regime, b u t  can be changed from one regime t o  
t h e  nex t  i n  a step-wise fash ion.  The temperature bounds ( temperature 
switches) o f  t he  regimes and the  p a r t i c l e  c h a r a c t e r i s t i c s  w i t h i n  edch 
regime a re  t he  va r i ab les  t h a t  must be de f ined  by the  user.  These regimes 
i n  t h e i r  c h r o ~ , ~ ; o g i c a l  o rde r  are:  
1 ) c y l i n d r i c a l  qe l  p e l  l e t  reqime; mass, dimensions, and spec i f i c  
heat may be changed a t  t h e  end o f  t h i s  regime, b u t  not the  pe l  l e t  
geometry, which i s  a r i g h t  c i r c u l a r  c y l i n d e r .  
2 )  p e l l e t  s i n t e r i n g  regime: a t  t h e  end o f  t h i s  regime, mass and 
geometry are changed (from a c y l i n d e r  t o  a sphere), and s p e c i f i c  
heat and absorptance may be changed w i t h i n  t h i s  regime. 
3 )  she1 1 regime; absorptance may be changed w i t h i n  t h i s  regime, bu t  
mass, geometry and s p e c i f i c  heat a re  constant  f o r  the g lass s h e l l .  
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The model l ing approach i s  based on f o u r  s imp l i f y ing  assumptions: 1 ) gel 
p e l l e t  cha rac te r i s t i cs  change - a step-wise and not  a continuous fashicm, 
2)  the  geometry of the gel p a r ~ l c l e  i s  a r i g h t  cy l inder ,  3)  the geometry 
change from p e l l e t  t o  s h e l l  i s  instantaneous and 4 )  the heat t rans fer  
from the  surface t o  the bulk,  o f  both p e l l e t  and she l l ,  i s  instantaneous, 
so there i s  no temperature grad ien t  w i t h i n  the p a r t i c l e .  
The development of t h i s  model i s  described i n  d e t a i l  i n  Appendix I, 
and the descr ip t ion  of the  GELSHEL code i s  given i n  Appendix 11. 
4.2 Model Pred ic t ions  and Experimental Observations. Those parameters 
t h a t  can be <on t ro l l ed  o r  determined emp i r i ca l l y ,  o r  which are expected 
t o  have a profound inf luence on the h i s t o r y  of t he  p a r t i c l e ,  were s e l e c t i v e l y  
var ied  i n  t h e  code ca lcu la t ions .  The p a r t i c l e  temperatures, however, which 
served as gel  regime swi tch po in t s  were determined from TGA and box-furnace 
t e s t  data, and were used as such, since va r ia t i ons  on the order  o f  100°C 
d i d  not  have a s i g n i f i c a n t  e f f e c t  on the ca lcu la ted  gel h i s to ry .  
Calculat ions using the GELSHEL code i nd i ca te  the fo l lowing:  
1 )  An increase i n  mass s i g n i f i c a n t l y  decreases the p a r t i c l e  heat ing 
ra te .  
2)  An increase i n  p a r t i c l e  length, t h a t  i s  commensurate w i t h  an increase 
i n  p a r t i c l e  mass, minimizes the  tenninal  ve loc i t y ,  maximizes the  
heat ing and r e s u l t s  i n  f a s t e r  p a r t i c l e  heat ing i n  comparison t o  a 
comparable increase i n  p a r t i c l e  diameter. 
3)  Heat conduction from the furnace gaq i s  the primary mearls o f  heat 
t rans fe r ,  espec ia l l y  a t  temperatures lower than 1000°C. Not on ly  
does the heat conduc t i v i t y  o f  the gas determine i t s  e f f i c i ency  as 
a heat exchanger, bu t  the gas v i s c o s i t y  and densit ]  a f f ec t  the  
buoyancy and drag on the fa1 1 i n g  p a r t i c l e  as we1 1. 
4 )  The i n i t i a l  s p e c i f i c  heat o f  the gel has on ly  a modest e f f e c t  on 
the pel l e t  temperature h i s t o r y .  
GELSHEL code ca lcu la t ions  i nd i ca te  tha t  dn increase i n  the gel p e l l e t  
mass r e s u l t s  i n  a s i g n i f i c a n t  increase i n  the droptime and distance requ i red  
by the gel geometry changes t h a t  accompany the mass incr2ase. If the p e l l e t  
diameter i s  doubled, commensurate w i t h  a fou r - fo ld  increase i n  mass, and the 
length  i s  he ld  constant, the  drop distance requi red by the p e l l e t  t o  reach 
1000" i s  increased s i x - fo ld .  17 the p e l l e t  length i s  quadrupled t o  increase 
the mass four - fo ld ,  and the diameter i s  he ld  constant, the drop distance i s  
on ly  doubled. This behavior fo l lows f r o m  the  fo l iowing considerat ions. 
Since the r a t e  o f  p a r t i c l e  heat ing i s  given by: 
then the  c h a n e  i n  dT/dt f o r  a change i n  L i s  given by: 
where a = - p 2 [h (Tt -TI + a E (T: - T4)] 
S i m i l a r l y  fo r  a change i n  D 
Thus, as expected, any increase i n  dimensions i n  the p e l l e t  w i t h  constant 
density,  w i l l  r e s u l t  i n  a decrease i n  the r a t e  o f  temperature r i s e .  Further,  
dT the r a t e  o f  change i n  w i l i  be the  same f o r  any change i n  D o r  L i f  the 
D - 
r a t i o  o f  the  p e l l e t  dimensions = 2 
That i s ,  
if > r .  then 
Since the r a t i o  o f  dimensions f o r  the pel l e t s  t ha t  can be manufacturtd w i t h  
our p e l l e t  press 1 i es  i n  the range 
the  above r e l a t i o n s h i p  and i t s  inverse,  i .e., if < J, and 
- 
Ik- (%) 1' fn (2)) , bo th  app ly  f o r  t he  range o f  p e l l e t s  i n  use. 
Fur ther ,  t h e  p a r t i c l e  v e l o c i t y  i s  a l s o  a f f e c t e d  by t he  p e l l e t  dimensions 
and mass because the buoyancy and drag terms i n  t h e  p a r t i c l e  acce le ra t i on  
equat ions a re  geometry-dependent. With proper  d e f i n i t i o n s  f o r  t he  buoyancy 
and drag terms, t he  acce le ra t i on  f o r  t h e  p e l l e t  i s  g i v e  by 
P a r t i a l  d i f f e r e n t i a t i o n  w i t h  respect  t o  D and t o  L y i e l d s  
Thus, f o r  a g iven increase i n  p e l l e t  mass w i t h  a commensurate increase i n  
diameter, t h e  decrease i n  p e l l e t  acce le ra t i on  i s  a f u n c t i o n  o f  the diameter 
and mass. For a commensurate increase i n  pe l  l e t  length,  t he  decrease i n  pe l  l e t  
acce le ra t i on  i s  s o l e l y  a func t ion  o f  the  mass. Since the  p e l l e t  mass 
and dimensions a re  i n t e r r e l a t e d  var iab les ,  the  above cons iderat ions 
s i g n i f i c a n t l y  compl icate an ana l ys i s  o f  the  e f f e c t s  of p e l l e t  mass on the  
thennal h i s t o r y  o f  t he  pe l  l e t .  The parameter o f  pe l  l e t  mass i n  con junc t ion  
w i t h  p e l l e t  dimensions i s  never the less a s e n s i t i v e  probe f o r  t e s t i n g  the  
heat t r a n s f e r  model. 
Accordingly,  a p e l l e t  se r i es  was f a b r i c a t e d  w i t h  a nominal mass o f  20, 
3 40, 80, 160 and 200 pgm and a dens i t y  of Q 1.4 grnlcm . Because the  pe l  l e t  
d iameter i s  f i x e d  by t h e  press d i e  dimension, i t  cou ld  no t  be con t inuous ly  
v a r i e d  bu t  was l i m i t e d  t o  two values - 250 urn and 500 Dm. The p e l l e t  
l eng th  was v a r i a b l e  bu t  i n  a r e l a t i v e l y  narrow range from 0.5 D < L 4 . 5  D. 
Furnace experiments were conducted w i t h  several  furnace p r o f i l e s :  
a )  1500°C, a l l  u n i t s ;  b )  1300°C, a l l  u n i t s ;  c )  zoned, 1300°C top  u n i t  and 
remainder a t  800°C; d) zoned, 1200°C top  u n i t  and remainder a t  800°C; and 
e )  zoned, 1000°C top  u n i t  and remainder a t  800°C. 
The r e s u l t s  a re  bes t  exemp l i f i ed  by a summary o f  t he  observed and 
ca lcu la ted  r e s u l t s  fo r  experiments using furnace p r o f i l e  b, and are shown 
i n  Figure 10. The drop distances fo r  the  p e l l e t s  were v i s u a l l y  est imated 
a t  t he  p o i n t  t h a t  the p a r t i c l e  incandescence became ind i s t i ngu i shab le  from 
t h e  ambient furnace rad ia t i on .  Because o f  the speed o f  p a r t i c l e  heating, 
t he  small s ize of the  p a r t i c l e  and the sub jec t ive  nature o f  t h i s  determinat ion 
of p a r t i c l e  temperature equivalence, t he  p a r t i c l e  temperature a t  t h i s  p o i n t  
i s  most 1 i k e l y  i n  the range of 1000"-1300°C. Therefore, Figure 10 inc ludes 
the ca lcu la ted  times and distances (by the GELSHEL code) t h a t  are requi red 
fo r  t he  p a r t i c l e  t o  reach the temperatures of 1000" and 1200°C respect ive ly .  
The r e l a t i v e l y  minor differences between drop times and the  corresponding 
p a r t i c l e  drop distances fo r  1 000°C and 1200°C i 11 u s t r a t e  the  d i f f i c u l t y  
i n  est imat ing the  p o i n t  a t  which the  p a r t i c l e  i s  approximately equal t o  t he  
furnace temperature i n  the  v isual  t rack ing  technique. Nevertheless, t he  
ca lcu la ted  distances requ i red  fo r  each pel :e t  mass t o  reach 1200°C ar2 i n  
remarkably good agreement w i t h  the experimental observations. 
From model ca lcu la t ions ,  the s p e c i f i c  heat o f  the gel was expected t o  
exe r t  some inf luence,  a l b e i t  a moderate one compared t o  gel miss and furnace 
gas, on the  thermal h i s t o r y  o f  the ge l .  The GELSHEL model p red i c t s  t h a t  
a decrease i n  the spec i f i c  heat s t~ou ld  increase the p e l l c t  heat ing r a t e  and 
r e s u l t  i n  a shor te r  drop distance ( i n t o  the furnace) t o  b r i n g  the p a r t i c l e  
t o  i t s  me1 t i n g  temperature. The thermal h i s t o r i e s  fo r  gel p e l l e t  samples 
were ca lcu la ted  by the GELSHEL code, using the  appropr iate pel l e t  mass and 
dimensions, f o r  three d i f f e r e n t  furnace temperature p r o f i l e s :  a) a l l  furnace 
d nits a t  800°C, b)  top u n i t  a t  1000°C, and the  remaining 5 a t  800°C, c)  top 
u n i t  a t  1200°C, and the  remaining 5 a t  800°C. I n  the p r o f i l e s  b and c, 
the  hot  zone (1000" and 1200" respect ive ly )  a t  the  top o f  the furnace was 
50 t o  60 crn long; a t  I 0 0  cm depth, the temperature had reached the 800°C 
base1 ine. 
The e f f e c t  of the  lower s p e c i f i c  heat o f  the heat- t reated p e l l e t s  i s  a 
f a s t e r  heat ing ra te .  However, t h i s  ef fect  i s  f e l t  f o r  on l y  a shor t  temperature 
range, since the s p e c i f i c  heat r a p i d l y  decreases t o  t h a t  o f  glass as the  
gel i s  heated t o  600°C and higher.  This e f f e c t  decreases w i t h  increasing 
furnace temperatures. The s p e c i f i c  heat a f f e c t s  p r i m a r i l y  the e a r l y  po r t i on  
o f  the p e l l e t  temperature h i s t o r y  and t o  a lesser  degree the  maximum p a r t i c l e  
temperature, the t o t a l  droptime, an3 distance requ i red  t o  a t t a i n  i t . 
These data are sumnarized i n  Table 8. These ca lcu la t ions  are i n  good 
agreement w i t h  the drop distance o f  30-50 cm observed f o r  these i n  a 
furnace w i t h  temperature p r o f i l e s  b and c. 
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Table 8. E f f e c t  o f  S p e c i f i c  Heat on P e l l e t  Heat ing 
Spec i f i c  Peak Peak P a r t i c l e  ~emp .  ( 3 )  
Ge 1 Heat( l  ) Furnace Furnace 
Treatment j/gm°K P r o f  i l e  ( 2 )  Temp. O C  Temp. O C  Time, s 
-
Distance, cm 
Untreated 5.44-0.85 a 1045 991 0.52 43.8 
400°C/1 hr .  1.31 -0.70 a 1045 1024 0.46 33.1 
500°C/1 hr.  1.19-0.25 a 1045 1025 0.45 32.5 
Untreated 5.44-0.85 b 1202 1161 0.43 27.7 
4G0°C/1 hr. 1.31 -0.70 b 1202 1179 0.42 27.7 
500°C/1 hr.  1.19-0.25 b 1202 1180 0.42 28.2 
( 1  ) Range o f  values, measured between 1 OO°C-600°C 
( 2 )  a)  top  u n i t  s e t  a t  1000°C, lower 5 a t  800°C 
b)  t op  u n i t  s e t  a t  1200°C, lower 5 a t  800°C 
( 3 )  Drop t ime (secs)  and drop d is tance (cm) requ i red  by 
p a r t i c l e  t o  reach the s ta ted  temperature b?sed on 
ca l cu la t i ons  us ing GELSHEL code. 
The t h i r d  probe f o r  t e s t i n g  t h e  thermal model i s  the  thermal c o n d u c t i v i t y  
o f  t h e  furnace gas. The thermal c o n d u c t i v i t y ,  gas dens i t y  and gas v i s c o s i t y  
3re expected t o  determine t h e  r a t e  a t  which thermal energy i s  t r a n s f e r r e d  f rom 
t h e  furnace w a l l  t o  t h e  p e l l e t ,  as w e l l  as t h e  v e l o c i t y  o f  t h e  p e l l e t  
through t h e  heated zone. The GELSHEL code p red i c ted  t h a t  o n l y  he l ium was 
s i g n i f i c a n t l y  more e f f e c t i v e  f o r  heat t r a n s f e r ,  and water vapor o n l y  
moderately b e t t e r  than d ry  a i r .  Because developing and ma in ta i n i ng  a 
he1 ium atmosphere i n  t h e  open process tube ,,f t h e  furnace would r e q u i r e  a 
f as t  gas flow, thus pe r tu rb i ng  t he  p a r t i c l e  t r a j e c t o r y ,  water vapor was chosen 
f o r  t he  t e s t .  The experiments were performed w i t h  t h e  heav ie r  p e l l e t s  t o  
minimize any p e r t u r b a t i o n  o f  t h e  p e l l e t  t r a j e c t o r y  by the  u p d r a f t  o f  water 
vapor and thus t o  generate a more v a l i d  comparison w i t h  the  d r y - a i r  c o n t r o l  
experiment. These r e s u l t s  a re  presented i n  Table 9. The e f f e c t  o f  t h e  
h i ghe r  heat c o n d u c t i v i t y  of water  vapor i s  t o  shorten the  drop d is tance 
requ i red  t o  heat  t h e  ge l ,  and i s  seen i n  bo th  t h e  GELSHEL c a l c u l a t i o n s  and 
t h e  exper imental  observat ions. Fur ther ,  t he  d r y  a i r  and the water vapor 
experiment observat ions and corresponding c a l c u l a t i o n s  show a remarkable 
agreement between the model and t h e  r e a l  p a r t i c l e  behavior.  I n  these 
experiments, any g rea t  d i s p a r i t i e s  between t h e  ca l cu la ted  and observed 
r e s u i t s  probably  r e f l e c t  the  inaccuracy i nhe ren t  i n  t he  v i sua l  est imates 
o f  d is tance and p a r t i c l e  temperature, e s p e c i a l l y  i n  those cases wherein t he  
p a r t i c l e s  plumnet deep i n t o  t h e  furnace be fo re  reaching the  furnace 
temperature. 
I n  a1 1 furndce experiments, t o  date, t he  pe l  l e t s  reached incandescence 
very r a p i d l y  co r robo ra t i ng  t he  GELSHEL ca l cu la t i ons ,  y e t  t he  f i n a l  product  
from t h e  more massive p e l l e t s  d i d  n o t  have the  surface c h a r a c t z r i s t i c s  
expected f o r  such a h o t  thermal h i s t o r y .  The phys ica l  appearance of some 
o f  t h e  l a r g e r  (180 ~ g m )  p e l l e t s ,  dropped through a zoned furnace, was 
equ iva len t  t o  t h a t  o f  re ference samples e q u i l i b r a t e d  a t  500-8h 'C i n  a box 
furnace. Fur ther  experiments ( i n  a box furnace and v e r t i c a l  furnace)  wherein 
pe l  l e t s  were heated t o  1000°C and 1200°C f o r  sho r t  per iods !< 5 secs) , 
i n d i c a t e d  t h a t  w h i l e  t h e  pe l  l e t s  reach incandescence r a p i d l y ,  tf,e mass f l o w  
i s  n e g l i g i b l e .  There a re  two explanat ions f o r  these observat ions:  
1 ) While t h e  thermal response of t he  p e l l e t  t o  the  furnace 
environment i s  rap id ,  t he  viscous respunse o f  t he  ge l  t o  
i t s  i n k ! - n a l  s t resses i s  much slower i n  comparison. 
m o m  
2)  The p e l l e t ,  because of  l i m i t e d  heat conduct iv i ty ,  may develop 
a  s i g n i f i c a n t  temperature gradient  r e s u l t i n g  i n  an incandescent 
surface and a  ,ubs tan t ia l l y  cooler  bulk. 
Th is  l a t t e r  p o i n t  questions the  v a l i d i t y  o f  a  basic assumption i n  t he  
GELStiEL model. Namely, because c f  the small p e l l e t  mass, the  heat t r a n s f e r  
i n  t h e  p e l l e t  bulk  i s  assumed t o  be instantaneous; no s i g n i f i c a n t  temperature 
gradient  develops i n  the  p e l l e t .  The r a d i a l  temperature gradient  was 
ther:fore ca lcu la ted  fo r  a  t y p i c a l  p e l l e t  w i t h  a  20 pgm mass and a  300 urn 
diameter, having the thermal p roper t ies  o f  glass ( spec i f i c  heat o f  0.9-1.3 
j/cm K; heat conduc t i v i t y  o f  1 0 ' ~  w/cmK) as discussed i n  Appendix 111. 
The heat f l ux  t o  the p e l l e t ,  due t o  convection and rad ia t ion ,  was ca lcu la ted  
from the  heat t rans fer  equation. For a  pel l e t  i n j e c t e d  i n t o  a  furnace having 
i d e a l l y  a  constant temperature p r o f i l e  o f  1500°C, the  maximum r a d i a l  
temperature gradient  o f  75OC developed w i t h i n  4 rnsec droptime. This  
gradient  r a p i d l y  decreased beyond t h a t  time, t o  50°C a f t e r  20 msec, 
corresponding t o  a  p e l l e t  displacement o f  on ly  2  rnm i n t o  the  1500°C furnace. 
Since i n  r e a l i t y  t he  mouth of a  1500°C furnace i s  on ly  750°C, a  p e l l e t  t h a t  
has descended 2  mn i n t o  the  furnace sees a  750°C environment. A reca l cu la t i on  
o f  t h e  r a d i a l  temperature gradient  fo r  such cond i t ions  resu l ted  i n  a  22" 
gradient  t h a t  decreased t o  12 a f r e r  20 msec (see Appendix 111). S im i l a r l y ,  
a  180 pgm p e l l e t  develops a  maximum r a d i a l  temperature gradient  o f  105°C 
w i t h i n  20 msec a f t e r  i n j e c t i o n  i n t o  a  1500" environment, and 25°C w i t h i n  
20 msec a f t e r  i n j e c t i o n  i n t o  a  750" environment. These r a d i a l  temperature 
gradiznts are indeed not s i g n i f i c a n t  i n  view o f  the f a c t  t h a t  they 
maximize w i t h i n  a  very shor t  t ime a f t e r  i n j e c t i o n ,  and r a p i d l y  decrease 
t o  1  esser val  ues. 
To d i f f e r e n t i a t e  e m p i r i c a l l y  between a  temperature gradient  o r  v i  SCOL~S  
i n e r t i a  i n  the  pel l e t  requi res a  model mater ia l  w i t h  a  s p e c i f i c  heat s i m i l a r  
t o  glass, bu t  w i t h  a  h igh  surface tension, a  sharp mel t ing  p c i n t ,  and very 
low v i s c o s i t y  ( f o r  the molten mass) t o  d r i ve  the r a p i d  spher id iza t ion  o f  the 
molten mass. Thus, such a  mater ia l  would heat l i k e  glass b ~ ~ t  spheridize 
r a p i d l y  a t  i t s  me l t ing  po in t .  Fxcept fo r  t h e i r  h igh  heat o f  fusion, inorganic 
sa l t s ,  w i t h  a  me1 t v i s c o s i t y  near 1  cent ipoise,  seemed su i tab le .  Accordingly, 
NaCl and Na2S04 c r y s t a l s  o f  212-250 pm sieve range and 20-25 ugm mass, were 
i n j e c t e d  i n  the furnace i n  the  usual manner. With the top  u n i t  o f  the furnace 
a t  1000°C and the  rewaining u n i t s  a t  750°C, NaCl c r y s t a l s  (m.p. 801°C, 
hHf = 6 . 7 3  - * 0.04 kcdl/rnole) became incandescent w i t h i n  30 cm drop; t h e  
product  cons is ted  l a r g e l y  o f  so l  i d  spheres, w i t h  some una f fec ted  c r y s t a l s .  
With the t op  u n i t  a t  900°C, NaCl d i d  n o t  spher id ize  even though incandescence I 
was reached and mainta ined f o r  1  m drop. Th is  f a i l u r e  t o  spher id ize,  even I -I 
w i t h  exposure t o  a t  l e a s t  65 cm of t r a v e l  through a furnace zone above 
800°C, r e f l e c t s  t he  h i g h  heat  of  fus ion of NaCl (6.73 kcal /mole) and t he  
s h o r t  residence t ime, r a t h e r  than a s i g n i f i c a n t l y  l a r g e  AT i n  the  p a r t i c l e .  
Had the  product  exper ienced a l a r g e  temperature g rad ien t  w i t h i n  t h e  p a r t i c l e ,  I 
I 
a  subs:antial number c f  p a r t i a l l y - m e l t e d  c r y s t a l s  should have resu l ted ,  I 
whereas t h e  products were sharp ly  d i v i ded  i n t o  spheres and una l t e red  c r y s t a l s .  I 
S i m i l a r  r e s u l t s  were ob ta ined  f o r  Na2S04 (m.p. 884OC) f i r e d  a t  1200° and 
1 00o0c. 
The qua1 i t a t i v e  agreement o f  t he  exper imental  r e s u l t s  w i t h  the  
c a l c u l a t i o n s  from t h e  model v e r i f i e s  t h a t  t he  model can s a t i s f a c t o r i l y  
descr ibe the  temperature h i s t o r y  o i  t h e  ge l  i n  t he  furnace. Thus, a  ge l  
p a r t i c l e  w i t h  a  mass o f  20 pgm and a diameter and l eng th  o f  250 pm i s  
heated r a p i d l y  t o  t h e  temperature o f  the  furnace, t y p i c a l l y  a t  a  r a t e  o f  ! 
3000°/sec. I n  f a c t ,  a ge l  p e l l e t  o f  such mass and dimensions forms a 
t h i ck -wa l l ed  sphere 35G urn diameter whose w a l l s  are opaque w i t h  c a r b m  
i n c l u s i o n s  a f t e r  dropping through one furnace u n i t  (60 cm long)  a t  1300°C. 
A s i g n i f i c a n t  number of these spheres w i l l  have m u l t i p l e  voids, o r  have 
s i n g l e  voids w i t h  remnants o f  t h e  i n t e r c e l l u l a r  membranes (such as shown 
i n  F igure 2),  i n d i c a t i n g  t h a t  t he  g lass was m l t e n  b u t  had i n s u f f i c i e n t  t ime 
(1  sec) t o  form a uni form ho l low sphere (0;- a  smooth i n t e r n a l  su r face) .  
I i i c reas ing  t h e  hea t ing  t ime of t h e  s h e l l  by the sequent ia l  add ic ion  o f  
60 cm long furnace u n i t s  a t  1300' r e s u l t e d  i n  s h e l l s  w i t h  decreased carbon 
i nc l us i ons  and inc reas ing  diameter. With a1 1 s i x  furnace u n i t s  a t  1300°, 
forming a 3.9 m long ho t  zone, t he  hea t ing  t ime f o r  t he  shel 1  was increased 
t c  6.1 secs; t h e  s h e l l s  formed from gel  i n  the  3.9 m ho t  zone were r e l a t i v e l y  
f r e e  o f  carbon inc lus ions .  Furthermore, the  average diameter of these s h e l l s  
was 407 pm, represent ing a 59% increase i n  shel 1  volume as a consequence of 
t h e  increased t ime o f  heat ing.  Th is  i s  scrnmarized i n  Table 10. These 
experiments suggest t h a t  the  ge l - t o - she l l  t rans fo rmat ion  i s  indeed rap id ,  
forming a crude s h e l l  i n  the t ime (approximYtely 1  sec) i t  takes the ge l  
p e l l e t  t o  drop approximately 0.6 m. They suggest as we l l  t h a t  the process 
i s  n o t  1 im i t ed  by the heat t r a n s f e r  r a te ,  t h a t  the ge l  i s  indeed being heated 
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very  r a p i d l y  t o  a f l u i d  s ta te .  I t  i s  apparent t h a t  f o r  ge l  mass as l a r g e  
as 20 pgm t h e  r a t e  o f  mass t r a n s p o r t  i s  r e l a t i v l e y  r a p i d  i n  t he  g e l - t o - s h e l l  
t ransformat ion,  and t h a t  t:,: r a t e  o f  g lass f i n i n g  i s  t h e  1 im i  t i n g  f a c t o r  
i n  t he  p r o d ~ c t i o n  of  qua l i t , y  she l l s .  
Further,  t he  r a t e  o f  heat t r a n s f e r  by t h e  furnace gas i s  s a f f i c i e n t  t o  
m e l t  ge l  p a ~ t i c l e s  as massive as 200 ggm and i s  n o t  the  r a t e - l i m i t i n g  
mechanism of the  ge l - to -g lass  t ransformat ion.  Rather, exper imental  
observat ions i n d i c a t e  the  ge l  p a r t i c l e s  as l a r g e  as 200 pgm s imply  do n o t  
develop s u f f i c i e n t  drag and bgoyancy t h a t  would otherwise decrease t he  
te rmina l  v e l o c i t y  and thus increase the residence t ime o f  tne gel  p a r t i c l e .  
Th is  suggests t h a t  f o r  such l a r g e  p a r t i c l e s ,  the  s h e l i  fo rmat ion  i s  l i m i t e d  
by t h e  l a r g e  mass and the  "v iscous" i n e r t i a  o f  t h e  ge l .  
The f e a s i b i l i t y  o f  desc r i b i ug  and modeling t hn  f l u i d  dynamics o f  
the t ransformat ion,  which i s  cen t ra l  t o  the  development o f  a complete and 
peneral  ge i  -to-she1 1 t rans fo rmat ion  model, was examined. Hobever, t he  
complex i ty  o f  the  process was too  formidable t o  model w i t h  our  1 im i  t e d  
t ime and resources. Thus, r a t h e r  than addressing the quest ion of whether 
process cond i t ions  were i n s u f f i c i e n t  t o  develcp good s h e l l  un i f o rm i t y ,  
we chose t o  address t h e  questior, o f  poss ib l e  mechanisms t h a t  would a f f e c t  
t h e  u n i f o r m i t y  o f  such s h e l l s  a l ready  formed. 
5. EFFECT OF GRAVITY ON SHELL CONCENTRICITY 
5.1 Shel l -Decenter ing Model. A cons ide ra t i cn  i n  t h e  manufacture 
o f  h igh ly -un i fo rm g lass  s h e l l s  i s  t he  e f f e c t  o f  g r a v f t y  on t he  u n i f o r m i t y  
o f  t h e  product. The f o r c e  o f  g r a v i t y  can produce decenter ing o f  t h e  
i n t e r i o r  and t he  e x t e r i o r  surfaces o f  a  mol ten s h e l l  t h a t  i s  i n i t i a l l y  
c ~ n c e n t r i c  by causing t h e  mol ten g lass  t o  f l o w  w h i l e  t h e  shel  1  i s  fa1  l i n g .  
Th is  mot ion of  t h e  i n t e r i o r  su r face  can be viewed as t he  mot ion o f  a  buoyant -. 
gas bubble which r i s e s  h i t h i n  t he  f l u i d  g lass  s h e l l  a t  a  r a t e  governed 
by the  buoyant f o r c e  and t h e  g lass v i s c o s i t y .  A decenter i r lg model was 
developed which p r e d i c t s  t h e  ex ten t  o f  t h i s  decen te r i ,~g  o f  t he  sur faces 
of  an i n i t i a l l y - c o n c e n t r i c  s h e l l  as a  func t ion  o f  t ime and t h e  a p p l i e d  force.  
The mot ion o f  a  small buoyant gas bubble i n  an i n f i n i t e  g lass  pool i s  
adequately descr ibed by  Stokes Law. Th i s  d e s c r i p t i o n  i s  n o t  adequate 
f o r  molten g lass s n e l l s  w i t h  a  t h i n  b u t  f i n i t e  w a l l ,  wherein t he  "wa l l  
e f f e c t s "  must be considered, s ince g lass  f l o w  i s  cons t ra ined  between two 
spher i cc l  surfaces. Th is  c o n f i s u r a t i o n  i s  c rude l y  model led, a t  best ,  by  t he  
c l a s s i c a l  case of  a  buoyant gas bubble i n  a  c y l i n d e r  o f  f l u i d  o f  comparable 
dimensions, such as F ranc is '  m o d i f i c a t i o n  o f  t h e  Stokes equat ion [I 11. Wang 
has suggested t he  use of  t he  Stefan-Reynolds equat ion t o  model t h e  e f f e c t s  
o f  buoyant fo rces  i n  mol ten g lass  she l l s .  Th i s  t reatment  may be more 
s a t i s f a c t o r y  bu t  d e t a i l s  o f  t he  ana l ys i s  have not ,  t o  ou r  knowledge, been 
publ ished [12]. The ~ a u c i t y  o f  s a t i s f a c t o r y  models i tas prompted us t o  
i n i t i a t e  ou r  own i n v e s t i g a t i o n  o f  t h i s  quest ion.  Cmsequent ly,  we have 
developed a  model q u a n t i t a t i v e l y  desc r i b i ng  t h e  development o f  w a l l  - 
nonuniformi ty i n  a  mol ten shel  1, by g r a v i  t y -d r i ven  decenter ing o f  t h e  i n n e r  
and ou te r  surfaces. The model assumes t h a t  t he  s h e l l  i n i t i a l l y  bas 
p e r f e c t  w a l l  un i f o rm i t y .  The decenter ing process i s  descr ibed as a f u n c t i o n  
o f  t ime as we l l  as g lass  c h a r a c t e r i s t i c s .  
The model i s  based on t h e  f o l l o w i n g  cond i t i ons  and assumptions: 
i )  Two types o f  fo rces  c o n t r o l  the  dynamic behav ior  o f  the  f l u i d  
shel 1  : 
a )  fo rces  due t o  t h e  constant  acce le ra t i on  f i e l d  of g r a v i t y  
b )  fo rces  caused by  the  v i s c o s i t y  o f  t he  g lass  f l u i d .  
2 )  The f l u i d  s h e l l  has i n i t i a l l y  two concent r ic ,  spher i ca l  sur faces 
s t a b i l i z e d  by the  sur face tens ion  o f  t he  g lass  
3) The densi ty  of the  gas i n  the  'n ternal  vo id  i s  n e g l i g i b l e  ccmpared 
t o  the  glass density.  
4)  The molten glass i s  a Newtonian f l u i d  of constant v i scos i t y .  
5) A l l  stresses, o ther  than those due t o  viscous forces, are 
neg l i g ib le .  
6 )  Transient v e l o c i t y  d i s t r i b u t i o n s  are neg l i g ib le .  
7 )  The s h e l l  i s  t h in .  
The w a l l  nonuniformity (WNU) a t  time, t, i s  def ined as: 
bn - do = 6n 
WNU = - - I .  
&o 
where 
6 i s  the maximum thickness of the s h e l l  a t  time, t, and 
TT 
b0 i s  the minimum thickness of the s h e l l  a t  time, t. 
Since the s h e l l  i s  i n i t i a l l y  uniform, WNU = 0 whsn t = 0. The mathematical ' 
expression o f  WNU developed i n  the model i s  
where ( 2 )  
8paD t ; where p i s  the densi ty  o f  the  molten 
= 3J.m) 
glass, a i s  the  accelerat ion,  which f o r  our  case i s  g, the acce lera t ion  due 
t o  gravi ty;  D i s  the outs ide diamter o f  the  she l l  ; p i s  the absolute 
v i s c o s i t y  o f  the molten glass; (AK)  i s  the  aspect r a t i o  o f  the she l l :  the 
r a t i o  o f  the  outs ide diameter o f  the she l l  t o  the mean waf 1 thickness; t 
i s  time. Che development o f  t h i s  model i s  disucssed i n  d e t a i l  i n  Appendix 
I V .  As an example of the model's app l i ca t i on  consider the fo l l ow ing  
molten glass she l l  and environment: D = 200 pm, (AR) = 100, p = 300 gm/cm/sec, 
2 p = 2.4 gm/cc, and a = g = 980 cmlsec . Using equations 1 and 2 the t ime 
i n t e r v a l ,  t, requi red t o  develop a WNU of 0.1 i s  found t o  be 2300 sec. This 
t ime i n t e r v a l  i s  p r ~ b a b l y  2 orders of magnitude greater  than the i n t e r v a l  
during which the she1 1 w i l l  be molten i n  i t s  f a l l  through a 4 m tower furnace. 
The t ime requi red t o  develop 1% nonuniformity (WNU = 3.01) i s  260 secs. 
Thus, i t  i s  improbable t h a t  g r a v i t y  e f f e c t s  w i l l  cause even a 1% nonuni formi ty  
i n  t h i s  she l l .  
I n  general a1 1 three models, (KMSF, Stefan-Reynolds equation, and 
Stokes-Francis equat ioq) i n d i c a t e  t h a t  g r a v i t a t i o n a l  decentsr ing of shel 1 s 
i s  n e g l i g i b l e  f o r  s h e l l s  less  than 2 mn i n  diameter. For our  model, the 
decentering t ime as a func t i on  o f  shel 1 diameter i s  shown i n  Figure 11 ; 
s h e l l  parameters are the same as above. Thus a 2 mn diameter s h e l l  w i l l  
develop a wal l-nonuniformi t y  o f  0.1 i n  200 seconds, which i s  a long t ime 
i n t e r v a l  compared t o  a normal residence t ime o f  115 secs i n  a v e r t i c a l ,  4- 
meter long furnace. For a 2 mn shel 1, the decentering t ime i s  comparable 
t o  furnace residence times on l y  fo r  thick-wal led, low aspect r a t i o  
she l ls .  A 2 mn s h e l l  w i t h  80 pm wa l l s  decenters i n  approximately 15 secs 
t o  a wall-nonuniformi t y  o f  0.1. Thus g r a v i t y  w i l l  s i g n i f i c a n t l y  decenter 
on l y  those she l l s  having a l a rge  diameter, a long residence t ime i n  the 
furnace, a low aspect r a t i o ,  o r  a very low v i scos i t y .  For m?ter ia ls  such 
as l i g u i d  metals w i t h  a v i s c o s i t y  near 0.01 gm/cm sec, the she l l  i n  the 
example (200 pm OD) would develop a wal l -nonuni formi ty  o f  0.1 i n  % 0.07 
seconds. The res is tance of  a glass s h e l l  t o  g r a v i t y  decentering i s  
e s s e n t i a l l y  a copsequence of i t s  r e l a t i v e l y  la rge  v i scos i t y .  
We are concevned however t h a t  the model may have a serious weakness 
r e s u l t i n g  from one o f  the boundary condi t ions employed i n  i t s  devt'opment. 
Spec i f i ca l l y ,  i n  an eva lua t ion  o f  the devolopment o f  t h i s  model, R. S .  
Subramanian [13] has suggested replac ing our assumption of no s l i p  a t  the 
e x t e r i o r  she l l  surface by a cond i t i on  o f  zero tangent ia l  stress. We agree 
w i t n  t h i s  recomnendation; however, the  incorpora t ion  o f  the zero-stress 
cond i t ion  i n t o  the  model w i l l  produce a much more complex model which 
probably cannot be solved i n  closed form. 
5.2 - Preliminary Model Test ing Experiments. As discussed above, the 
model f o r  g rav i  ty-dr iven shel 1 decenter in j  p red ic ts  very low ra tes  o f  
decentering f o r  glass she1 1 s o f  the small dimensions and compositions 
c u r r e n t l y  produced because the :hell5 experience on l y  r e l a t i v e l y  shor t  
residence times i n  the  furnace. 
Test ing o f  the model requi res heat ing she l l s  f o r  much longer t ime 
periods than those e lapsing during she l l  formation. One method of 
increasing heat ing t ime i s  t o  repass she l l s  through the furnace. However, 
our  past experience has shown t h a t  m u l t i p l e  passes o f  glass she l l s  through 
a v e r t i c a l  furnace i s  ra the r  ineffect-!;? f o r  remel t ing and reforming 
the shel1;even though the sample surface i s  un i fo rmly  heated, the p a r t i c l e ' s  
Figure 11. EFFECT OF SHELL DIAMETER 
ON DECENTERING TIME 
FINAL WNU = 0.1 
AR = 100 
SHELL DIAMETER x 10-1 crn 
residence t ime and temperature h i s t o r y  cannot be c o n t r o l l e d  eas i l y .  
Further,  a i r  turbulence a t  t he  top  of t h e  furnace r e s u l t s  i n  the l oss  
o f  many she l l s  t o  the  wa l l  o f  the furnace dur ing she l l  i n j e c t i o n .  I n  
add i t ion ,  a continuous r a t h e r  than c ~ m u l a t i v e  re-heat ing o f  shel 1 s i s  
preferred,  t o  avo id  quest ions concerning the  e f fec ts  on ,:,e she l l s  
o f  repeated remelt  ing and sol  i d i f i c a t i o n .  
A c o n t r o l l e d  gas- jet  which l e v i t a t e s  the s h e l l  i n  a furnace, ra the r  
than repeated passes through the furnace, i s  a more s a t i s f a c t o r y  method 
t o  increase she l l  residence time a t  i t s  forming temperature. 
A l e v i  t a to r l f u rnace  system, w i t h  a c o l l  imated hole s t ruc tu re  (CHS) 
1 ev i  t a t i o n  j e t  and an e l  1 i p t i c a l  ly-focused i n f r a r e d  heater, was made 
ava i l ab le  t o  us by Edwin Ethr idge o f  Marshall Space F l i g h t  Center (MSFC) 
[8]. I t  had been designed and b u i l d  by S. Dunn (Bjorksten Laborator ies)  
and E. Ethr idge (MSFC). We conducted a ser ies  o f  l e v i t a t i o n / h e a t i n g  
experinents j o i n t l y  w i t h  E. Ethr idge a t  MSFC using a batch of s h e l l s  
prepared a t  KMSF. The s h e l l s  ranged i n  diameter from 500 t o  1000 pm 
and were prepared from a gel  o f  nominal composition 73% Si02, 12% K20, 
8% Na20, and 7% BB03 (weight percent).  The she l l s  were no t  analyzed 
f o r  composition, bu t  on the  basis  o f  s i m i l a r  experiments, are expected 
t o  have considerably l ess  a l k a l i  and boron than found i n  the gel. 
I n  general, the  very l a r g e  shel 1 s (% 1 mm) l e v i t a t e d  e a s i l y  and 
stably ,  requ i r i ng  on l y  a minimum o f  gas f l ow  adjustments dur ing the heat ing 
sequence. However, poor un i fo rm i t y  o f  sample i 11 umination (heat ing) ,  
poor l e v i t a t i o n  s t a b i l i t y  dur ing temperature programming and slow heat ing 
ra tes  (%300°C/min) were s i g n i f i c a n t  problems encountered f o r  heat ing 1 arge 
s h e l l s  w i t h  t h i s  type o f  system. 
A t  700°C, the shel 1s genera l l y  dimpled and wr ink led  i n  the hemisphere 
o f  the  she l l  opposite the impinging gas stream, and t h i s  deformation became 
progressively  worse w i t h  increasing temperature. This uneven heat ing 
and col lapse i s  due t o  the system conf igura t ion .  The she l l  i s  shielded 
from r e f l e c t e d  r a d i a t i o n  from below by the j e t  body, and p a r t i a l l y  from 
above by the thermocouple bead. Complete col lapse of the she l l  d i d  no t  
occur. A few shel ls ,  upon reaching % 900-1000°C, turned opaque 
( " f ros ted" ) ,  presumably due t o  phase separation. The shel 1 s t h a t  remained 
s tab le  dur ing the  p a r t i a l  co l lapse d i d  r-eform i n t o  spher ica l  she l l s  above 
1050°C, bu t  w i t h  smal ler diameters. I n  these she l l s  gross changes were 
observed i n  the she l l  dimensions and surface f i n i s h .  
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The recovered she1 1s were examined by o p t i c a l  and SEM microscopy a t  
KMSF. She l l s  t h a t  were heated a t  900°C o r  more f o r  any l e n g t h  o f  t ime  hdd 
become t r ans lucen t  o r  opaque. Op t i ca l  microscopy showed a "wormy" o p t i c a l  
t e x t u r e  i n  t he  g lass  o f  t h e  s h e l l s ,  i n d i c a t i v e  o f  phase separat ion, as 
w e l l  as l a r g e  cracks and gross sur face deformat ions. SEM microscopy 
revealed surfaces r i d d l e d  w i t h  deep p i t t i n g  and c r a t e r s  (20 t o  50 pm i n  
diameter) ,  and numerous l a r g e  cracks as shown i n  F igure  12. Whereas the 
g lass  surface of the  unheated s h e l l s  was smooth w i t h  roughness < 0.05 pm 
(except f o r  a moderate inc idence o f  0.1-0.5 Dm weather ing bumps), 
t h e  remelted sur face had a un i f o rm ly  coarse and g ra iny  t e x t u r e  (% 0.5 pm), 
appearing almost porous, as i n  F igure  13. 
S h e l l s  heated t o  l e s s  than 900°C, w h i l e  o p t i c a l l y  c l ea r ,  shcwed sur faces 
t h a t  were coarse and dimpled w i t h  very shal low f la t -bot tomed c r a t e r s  
(10 t o  20 pm i n  diameter) .  These c r a t e r s  i n v a r i a b l y  had f i n e  d iamet r i c  
cracks, as i n  F igure  14. Because o f  the  c r a t e r  frequency, these s h e l l s  
resembled go1 f b a l l  s. The Energy D ispers ive  X-Ray Spectroscopy (EDXS) 
data i n d i c a t e d  t h a t  t h e  bottoms o f  t he  c r a t e r s  were depleted i n  a1 k a l i ,  w i t h  
an a l k a l i  (Na and K )  composit ion l e s s  than h a l f  t h a t  o f  t he  surrounding 
g lass ma t r i x .  The a l k a l i  l o s s  was l o c a l i z e d  t o  c r a t e r e d  areas; the  composit ion 
o f  t h e  surrounding m a t r i x  was s i m i l a r  t o  t h a t  o f  unheated g lass  s h e l l s  
shown i n  Table 11. 
The observed change i n  composit ion and degradat ion i n  s h e l l  q u a l i t y ,  
r e s u l t i n g  even from mi 1 d (% 900°C) heat ing, underscores t he  d i f f i c u l t y  
of  remcl t i n g  g lass s h e l l s  e i t h e r  t o  improve them [14] o r  t o  deteimine g 
t he  ef fects  of g r a v i t y  on s h e l l  WNU. These problems may be s o l e l y  a f u n c t i o n  
o f  g lass composit ion; t h e  composit ion may be p a r t i c u l a r l y  suscept i  h l e  
t o  phase separat ion and a l k a l i  l o ss .  Other composit ions may be s u b s t a n t i a l l y  ji. 
more s t a b l e  bu t  our  exper ience w i t h  g lass i n d i c a t e s  a s i g n i f i c a n t  v o l a t i l i z a t i o n  . 
r a t e  f o r  a l k a l i  and b o r i c  ox ide component:; i n  most glasses, wht:, i n  t he  i 1 
form of small she l l s .  Thus the  g lass-mel ts  c o n t i n u a l l y  change i n  com?osit ion I 
when h e l d  a t  temperature f o r  a l ong  t ime, r e s u l t i n g  i n  a corresponding 
increase i n  v i s c o s i t y .  Since g lass v i s c o s i t y  i s  a parameter of t he  model RI 
which must be h e l d  constant (and s ince inc reas ing  v i s c o s i t y  w i l l  decrease 
the  r a t e  o f  g rav i t y - induced  g lass  f l o w )  t he  model i s  q u i t e  d i f f i c u l t  
t o  t e s t  unless t he  g lass composit ion i s  he1 d constant.  The change i n  
composit ion w i t h  t ime may a1 so promote phase separat ion, b u t  equal lj 
conducive f o r  phase separat ion i s  t h ~  r e l a t i v e l y  slow hea t ing  and coo l i ng  
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A) Optical Photomicrograph of Shell 61 Optical Magnification of A 
Cl SEM Photomicrograph of Shell Surface D l  SEM Magnification of Surface Crater 
Figure 12. PhotomicrographsrPhase Separation in Shells Reheated a t  13000 C. 
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Figurn 13. Change in Surface Texture Upon Reheating She!!s to 909' G. 
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Fiwm 14. Phase Separation in Shells Reheated to 800-900' C. 
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Table 11. EDXS Elemental Ana lys is  o f  Remel t e d  Glass She l l s  
FDXS Ana lys is  
Treatment 
Sampl e  H i s t o r y  
- Sampl i n p  Na/Si K/Si 
Cont ro l  n o t  heated averaged- 0.017 - + .GO8 0.029 - + 0.015 
whol e  su r face  
1 900" C whole su r face  0.019 - + .004 0 .030+  - .016 
2 9OO0C c r a t e r  bottom 0 . 0 0 8 + . 0 0 4  - 0.008 - + 0.004 
m a t r i x  0.016 + .002 0.021 + 0.002 
3 1300°C who1 e su r face  0.0092- 0 . 0 0 1 ~  
1 Data f o r  5 c r a t e r  and 5 m a t r i x  readings on one s h e l l .  
2 She l l  mel ted and reformed a t  1300°C; t he  - sole s h e l l  
recovered from t h i s  t reatment.  
r a t e s  used i n  t h e  experiments. The s o l u t i o n  t o  t h i s  d i f f i c u l t y  may be 
a)  t o  minimize t h e  t o t a l  hea t ing  t ime by inc reas ing  t he  e f f i c i e n c y  o f  
m e l t i n g  t h e  s h e l l s ,  e.g., w i t h  a  C02 l a s e r  beam [15], o r  b )  t o  amploy 
non-vol a t i  l e  g lass systems w i t h  very  low and stab1 e v i s c o s i t y .  Germania, 
a single-component glass, would be an i d e a l  candidate on t h e  bas is  of these 
c r i t e r i a ,  except f o r  i t s  r e l a t i v e l y  h igh  v i s c o s i t y  i n  t h e  l i q u i d u s .  
8 Although lower  than t he  s i l i c a  l i q u i d u s  ( ~ 1 0  poise!, i t  i s  s t s l l  h igher  
than found f o r  many a l k a l i  b o r o s i l i c a t e  and soda-lime glasses which range 
4 f rom 10 t o  10 poise. I n  t e s t i n g  f o r  t he  e f f e c t  o f  g r a v i t y  on molten she l l s ,  
such v i s c o s i t i e s  woul d  r e q u i r e  unacceptably long  sample residence t imes i n  
a  v e r t i c a l  furnace, o r . h i g h e r  temperatures than a re  c u r r e n t l y  poss ib l e  
w i t h  t h e  CHS l e v i t a t o r  and r a d i a n t  furnace descr ibed above. 
Since t he  v i s c o s i t y  of pure germania g lass i s  cons iderably  h i ghe r  than 
des i red  f o r  reheat ing experiments, b i n a r y  glasses i n  t he  s i l  i c a  and 
germania g lass systems were inves t iga ted .  Phase diagram data e l i m i n a t e d  
t h e  a1 k a l i n e  e a r t h  s i l i c a t e s  as candidates. Even though t h i s  system has 
the  advantage of a  s t a b l e  composit ion due t o  the n o n - v o l a t i l i t y  o f  t h e  
a l k a l i n e  e a r t h  ox ide g lass mod i f ie r ,  i t  has the  problems o f  a )  phase 
separat ion i n  t h e  l i q u i d  s t a t e  due t o  i m n i s c i b i l i t y  over  a  l a r g e  concent ra t ion  
range, and b )  an excess ive ly  h i gh  e u t e c t i c  temperature (>  1400") [16]. 
A1 k a l  i s i l i c a t e s  were undesi rab le  s ince h i gh  concent ,a t ions  o f  a1 k a l  i 
(%15-25 mol percent )  a re  requ i red  t o  s i g n i f i c a n t l y  reduce the  1 i qu idus  
temperature ( t o  1000-1200°C) [16]. Such h igh  concentrat ions o f  a l k a l i  
render  t h e  g lass  suscep t ib le  t o  a l k a l i  v o l a t i l i z a t i o n  and the  consequent 
composit ion and v i s c o s i t y  changes upon reheat ing.  
The b ina ry  germania system has an i nhe ren t  advantage. The l i ~ u i d u s  
temperature o f  pure germania i s  a l ready i n  t h e  des i red  range. The a a d i t i o n  
o f  moderate amounts o f  a1 k a l i  oxides, e.g. %5 mole percent,  w i l l  b r i n g  
i t  w e l l  w i t h i n  t he  des i red  range, from 1150°C t o  900-100U°C; the  e u t e c t i c s  
occur a t  4-10 mol percent M20 [17]. The a l  ka l  i are des i red  s o l e l y  f o r  
v i s c o s i t y  mod i f i ca t ion ,  and i n  t l i e  germania system, small amounts o f  a1 ka l  i 
oxide, such as NapO, very sharp ly  reduce the v i s c o s i t y .  For exainple, 
t h e  a d d i t i o n  o f  1.2 mole percent  Na20 t o  pure Ge20 reduces i t  t o  20 po ise 
[17,18]. The a d d i t i o n  o f  l i t h i u m  and potaasium oxides y i e l d  s i m i l a r  
r e s u l t s .  While h igh a1 ka l  i oxide (%5-7 mol percent )  germania glasses are 
expected t o  be moderately v o l a t i l e  and composit ional  l y  va ry ing  a t  the  
1 iqu idus  temperature, the  corresponding ly  low g lass  v i s c o s i t y  should r e q u i r e  
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a very s h o r t  sample residence t ime i n  t h e  furnace ( d u r i n g  experiments 
t e s t i n g  f o r  g r a v i t y  e f fec ts  on t h e  molten s h e l l ) .  Because o f  t h e  low 
opera t ing  temperatures and t he  i n i t i a l l y  low concent ra t ion  o f  a1 k a l  i, low- 
a l k a l i  ox ide  germania glasses ( <  1 percent )  a re  expected t o  have o n l y  
n e g l i g i b l e  a1 k a l  i l o s s  r a t e s  du r i ng  t h e  course o f  t he  rehea t ing  experiments, 
and t h e  composit ion and v i s c o s i t y  should remain constant  i n  t ime. Thus 
a se r i es  o f  glasses, w i t h  a  wide range i n  v i s c o s i t i e s ,  may be poss ib l e  f o r  
t e s t i n g  t h e  g r a v i t y - d r i v e n  decenter ing model. 
A1 though o f  poor qua1 i t y  (wa l l  u n i f o r m i t y )  germania s h e l l s  were made 
by the  metal-organic gel  method severa l  years ago a t  KMSF us ing  p r e c i p i t a t e d  
powder from t h e  hyd ro l ys i s  o f  germanium ethoxide. More recen t l y ,  the  
synthes is  o f  homogeneous germania ge ls  was at tempted by h y d r o l y s i s  o f  e t h a n 3 l i c  
so l  o t i o n s  of a )  germanium t e t r a c h l o r i d e ,  b )  germanium t e t r a c h l o r i d e  a c i d i f i e d  
w I t h  oxal  i c  a c i d  [19], and c )  germanium te t rae thox ide  [20,27]. However, 
these reac t ions  y i e l  ded e i t h e r  c r y s t a l  1  i n e  o r  ge la t inous  p r e c i p i t a t e s  
which d r i e d  t o  a  f ine,  chalky powder r a t h e r  than a g lassy  f r i a b l e  ge l .  
These ge ls  were a l s o  devoid of r es i dua l  organics,  as confirmed by TGA 
and PGC. 
Super ior  homogeneous ge ls  o f  germania and t he  more r e a c t i v e  sodium 
germanate ( 5  mol % Na20) were synthesized by c o n t r o l l e d  p a r t i a l  h y d r o l y s i s  
o f  a lcohol  s o l u t i o n s  o f  germanium and germanium/sodium a1 kox ide m i x t c r e  
(80% o f  s t o i ch iome t r i c  amounts o f  H20) a t  -50°C. These reac t i ons  y i e l d e d  
homogeneous, t rans1 ucent ge ls  which, when dry ,  were g lassy  and f r i a b l e .  
Sodium german;;e s h e l l s  as l a r g e  as 600 pm have been produced a t  1300°C 
f rom the f resh ly-prepared corresponding ge l .  These gel  s  a re  very s e n s i t i v e  
t o  a t m s p h e r i  c  mois ture.  They hydrolyze r e a d i l y  and completely,  w i t h  
consequent l o s s  o f  a1 1 the res idua l  organics 3nd a concor i  t a n t  reduc t ion  
2 2  
o f  t h e  h igh  surface area ( f rom 460 m /gm t o  l e s s  than 10 rn /grn). Un l i ke  
t he  s i l i c a t e  gels,  t h i s  hydro lyzed sodium germanate ge l  produced o n l y  small 
th ick-wal  l e d  she1 1 s  of very  poor u n i f o r m i t y .  
A poss ib le  approach t o  g e t  around t h i s  problem i s  t he  i nco rpo ra t i on  
i n t o t h e  ge l  o f  an a u x i l l a r y  b lowing agent which i s  inrnunc t o  hydro lys is .  
Urea, a  compcund used i n  blowing o f  s i l i c a t e  based g lass she l l s ,  was 
successful  l y  incorpora ted  i n t o  the  germania ge l  i n  an apparent ly  homogeneous 
manner, bu t  s h e l l  b lowing experiments cou ld  no t  be done be fo re  the  e x p i r a t i o n  
o f  t h i s  con t rac t .  
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6. CONCLUSIONS 
The purpose of t h i s  work has been t o  study and ~iuciel the mechanisms 
t h a t  produce glass s h e l l s  from metal-organic gels, and thereby t o  provide 
a basis  fo r  an assessment o f  the benef i ts  o f  manuf.lcturing s h e l l s  i n  space. 
The ob jec t ives  have been t o  determine: 1 ) t h e  e h ~ t s  f gel pyro lys is ,  
and thus the  nature of t he  ge l - to -she l l  t ransformation, 2) t he  e f f e c t i v e  
heat ing r a t e  of a ge l  p a r t i c l e  f a l l i n g  through a v e r t i c a l  furnace, and 
3) the e f fec t  ~f g r a v i t y  on the s h e l l  c o n c e n t r i c i t y  (i.e., she l l -wa l l  
un i f o rm i t y )  as the molten she l l  drops through the furnace. 
A gel p a r t i c l e  f a l l i n g  through a v e r t i c a l  furnace i s  r a p i d l j  pyrolyzed 
and transformed t o  a hol low she1 I .  For the  s ize  o f  gel  c u r r e n t l y  used 
('L 20 ugm), t h a t  t ransformat ion occ!lrs w i t h i n  one second (@ 1300°C) and 
i s  rap id  w i t h  respect t o  the t i n e  needed f o r  complete f i n i n g  of the  
glas; i n  the she l l .  The transforma2ion t o  a s h e l l  i s  comprised o f  several 
d i s t i n c t  processes: a) surface c losure o f  the porous s t ruc tu re  o f  the  
gel,  e i t h e r  by low-temperature ( <  400°C) s i n t e r i n g  o r  e l  SE by hydro lys is ,  
b )  formation o f  a c losed-ce l l  foam s t ruc tu re  ($ 400°C), c )  expansion and 
spheri  d izat ior .  of t h e  p a r t i c l e  (.\I 600-800°C), d) coalescencr )f the foam 
t o  form a s ing le -vo id  s h e l l  (Q 800-1000°C), and e)  f i n i n g  o t  che glass 
wa l l s  of the  she1 1. These processes have been observed dur ing gel  
py ro l ys i s  by ho t  stage microscopy, o r  have been i n f e r r e d  from pyrolyzed- 
gel intermediates recovered from s h e l l  -forming experiments. The d r i v i n g  
force f o r  t he  formation of the i n i t i a l  c losed-cel l  foam s t ruc tu re  i n  the 
gel i s  supp!ied by the gaseous pyro lysates generated from the gel.  These 
gases are t y p i c a l l y  comprised o f  H20, C02, ethylene, ethane, and methane, 
and are generated from the metal a1 koxides, the s i l a n o l  s and the bicarbonates. 
i n  the  gel a t  f a i r l y  low temperatures. The py ro l ys i s  decomposition o f  
the metal -a1 koxi des a1 so produces elemental zarbon, r e s u l t i n g  i n  a 
c h a r a c t e r i s t i c  b lack appearance t o  the  gel.  The ox ida t i nn  of t h i s  carbon, 
as we l l  as the  decomposition of metal carbonates i n  the  gel, produces the 
C02 t h a t  d r ives  the f u r t h e r  expansion o f  the  foamed spheroid and the 
f i n a l  she l l .  Undo~~btedly,  most o f  the pyro lysates are r a p i d l y  l o s t  and 
may be i n e f f e c t i v e  i n  shell-blowing, except t o  separate a charge o f  gel  
powder i n t s  a w ~ ? l - d i s p e r s e d  plume upon i n j e c t i o n  i n t o  the furnace. 
l'he average metal-organicgel loses more than 20% o f  i t s  mass as gas, 
wh i le  much less  than 1% rema'% t o  form the f i ~ a l  she l l .  These two 
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concl usions are supportsd by two observations. Gel s t h a t  were pyro l  yzed 
t c  remove a l l  o f  t he  gaseous pyrolysates (Q 26% o f  the  i n i t i a l  ge l  mass) 
f c m e d  she l l s  i n  y i e l d  and q u a l i t y  s i m i l a r  t o  those aade from unpyrolyzed 
gel .  I n  add i t ion ,  metal-organic gels  t h a t  were hydro?yzed (under argo 
o r  i n  a i r )  t o  remove a l l  of the  organic species (except f o r  t r x e  l e v e l s )  
produced shel;s of s i m i l a r  y i e l d  and q u a l i t y  as those from unhyar.olyzed 
gels. I n  t he  l a t t e r  case, the blowing gas, C02, i s  der ived p r i m a r f l y  from 
carbonates i n  t he  gel, and comprises Q 1% of the  t o t a l  gel  mass; y e t  o n l y  
Q, -01% ends up among the f i n a l  blowin9 gases i n  the  she l l .  (The o ther  
cons t i tuents  of t he  res idual  gases i n  the  she l l s  are 02, N2 and sometimes 
H 2 0  The O2 ana d N  permeates the s h e l l  from the furnace ambience.) 
The various - s o r p t i o n  and aecoaposit ion reac t ions  t h a t  occur dur ing 
gel py ro l ys i s  c o n s t i t u t e  a thermal i n e r t i a ,  o r  l a t e n t  heat, i n  the gel ,  
and increase the s p e c i f i c  heat o f  the gel  over, t h a t  o f  t he  corresponding 
glass. However, the oxidat ior? o f  the organic pyro lysates and the  reduct ion 
i n  surface f ree  energy (due t o  s i n t e r i n g )  are exothermic and p a r t i a l l y  
compensate f o r  the  endothermic react;l;ns. Lhe average s p e c i f i c  heat f o r  
unhydrolyzed metal-organic gel i s  l ess  than twice (IL 1.5-2 j/gm K)  t h a t  
f o r  glass. I n  any event, t h i s  l a t e n t  heat has no e f f e c t  on shel 1 production, 
as was evidenced by the shel 1s produced from pyrolyzed gels. .  
The r e s u l t s  o f  the  heat- t ransfer  modeling and the experiments i n  
support of t h i s  modeling i n d i c a t e  t h a t  gel  p a r t i c l e s  as l a rge  as 20 pgm, 
which y i e l d  400-600 w shel 1 s (depending on furnace cond i t ions)  , are 
heated very rap id l y ,  a t  a r a t e  o f  approximately 3000°C/sec. The ge l -  
to-glass she l l  t ransformat ion i s  completed i n  % 1 sec. The f i n a l  f i n i n g  
o f  t he  slass, t o  remove the remaining carbon ana gas inc lus ions  i n  the  
wal l ,  takes considerably longer depending on tile rurnace ?as and 
temperature (e.g., ~5 sscs a t  1300°C, i n  a i r ) .  Gel p a r t i c l e s  A ,  l a rge  as 
200 pgm are a l so  heated ,sapidly t o  the temperature of the furnace ambience, 
a t  a r a t e  o f  approximately Q, 20150°/sec. However these massive p a r t i c l e s  
develop a h igh  terminal  v e l o c i t y  and f a l l  deeply i n t o  the furnace ( 1 m) 
befon.  reaching t h a t  temperature. Because o f  the l a r g e r  mass, the gel 
t ransformat ion i s  s i g n i f i c a n t l y  slower, and the p a r t i c l e s  do not  expand 
r a p i d l y  enough t o  generate s u f f i c i e s t  buoyancy and drag t o  decrease the  
terminal v e l o c i t y  of the p a r t i c l e s .  Consequently such massive gel p a r t i c l e s  
have a very shor t  residence t ime ( <  2 secs) and cannot transform completely 
i n t o  she l ls .  The crux of t h i s  problem i s  the h igh terminal v e l o c i t y .  
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o f  the par t ic les .  Thus the problem can be solved only by increasing 
the furnace length, by reducing the terminal ve loc i t?  w i th  counter- 
f lowing gas (or  gas-jet l ev i t a t i on ) ;  o r  by reducing the grav i ta t iona l  
acceleration on the par t i c le .  
The model f o r  gravi ty-induced decenteri ng o f  she1 1 s pred ic ts  
s ign i f i can t  decentering rates f o r  molten glass she l ls  less than 2 n 
i n  diameter. There i s  a real  concern tha t  the model has improper 
boundary c o n d i ~ ~ o n s  f o r  the external shel l  swface. With the apparently 
appropriate boundary condit ions extremely rap id  and extensive decentering 
o f  the in terna l  and external she l l  surfaces are suggested. However, 
such extensive decentering has not  been observed i n  current shel l  
manufacture. These observations suggest t ha t  e i t he r  these boundary condit ions 
are not correct, o r  an act ive  concentering mechanism ex is ts  t o  counteract 
the e f f ec t  o f  gravi ty.  The l a t t e r  appears t o  be the more 1 i k e l y  answer. 
E f fo r t s  t o  t e s t  the v a l i d i t y  o f  the decentering model have been 
hampered by problems re la ted  t o  uniform and cont ro l led she l l  heating, 
stable lev i ta t ion ,  and stabi 1 i t y  o f  the glass! compcisitions. Consequently 
these empirical studies have not  ye t  been completed. 
7. RECOMMENDATIONS 
We be1 ieve  t h a t  a s i g n i f i c a n t  advance i n  t he  understanding o f  the  
processes i nvo l ved  i n  g lass  s h e l l  synthes is  from metal -organic ge l s  
has been achieved from work done under t h i s  con t rac t .  On the  bas is  o f  
t h i s  know1 edge, p l us  t h e  a d d i t i o n a l  understanding which has accrued from 
r e l a t e d  work under our  Department of Energy c o n t r a c t  over  the  pas t  t h ree  
years,  we can i d e n t i f y  incomplete and unstud ied areas f o r  f u r t h e r  research. 
We have been mot iva ted  i n  our  research by t he  u l t i m a t e  goals  o f  1 )  understanding 
t h e  niechansims which con t ro l  the  format ion of  h i g h l y  un i fo rm g lass s h e l l s  
s u i t a b l e  f o r  i n e r t i a l  fus ion energy research and 2 )  p repar ing  f o r  t he  
p o t e n t i a l  necess i t y  of  making i n  space l a r g e  s h e l l s  which may no t  be 
ob ta inab le  i n  a t e r r e s t r i a l  l abora to ry .  Theses goals  a l s o  mo t i va te  ou r  
suggestions and recomnendations f o r  f uAu re  work. These recomnendations 
can perhaps bes t  be made i n  t h e  con tex t  of f u r t h e r  mechanist ic s tud ies  
requ i red  f o r  t h ree  processes t h a t  a f fec t  t he  fo rmat ion  o f  un i fo rm g lass  
s h e l l s  from ge l .  Each p a r t  o f  any f u tu re  research should con ta in  bo th  a 
mathematical and an exper imental  component. 
7.1 Mass Transpor t  Study 
Mathematical Model. Develop a second generat ion heat t r a n s f e r l p a r t i c l e  
t r a j e c t o r y l f l  u i d  mechanical mudel f o r  ge l  p a r t i c l e s  forming a she1 1 i n  
a v e r t i c a l  furnace. Th is  model should be ab le  t o  handle inhomogeneit ies i n  
phys ica l  and chemical p rope r t i es  f o r  t h e  ge l  and s h e l l  du r ing  the  s h e l l  
farming process. 
Experimental Program. Conduct experiments t o  c o l l e c t  thermodynamic 
and chemical k i c e t i c  data requ i red  f o r  mathematical modeling. 
A successful  model would p r e d i c t  the  t i m e  and t e rn~e ra tu re  requ i rea  t o  
form a complete bubble-free s h e l l  from a g iven  s i ze  ge l  p a r t i c l e  of known 
cornpos i t i o n .  
7.2 She1 1 Concen t r i c i t y  Study 
MathemLAical Mode;. Experimental evidence from she l l - f o rm ing  and 
gel  7 y r o l y s i s  s tud ies  suggest t he  ex is tance o f  an a c t i v e  c o n ~ s n t e r i n g  
mechanism(s), t h a t  produces s h e l l s  w i t h  un i form w a l l s  from asymmetric spheroids.  
Among the  concepts t h a t  have been suggested and/or p a r t l y  i nves t i ga ted  we 
propose t h a t  the fo l low ing  concenter ing forces be s tud ied  i n  more d e t a i l :  
a )  .he tumbl ing a c t i o n  o f  the s h e l l ,  b )  sur face tens ion  grad ients  i n  the  s h e l l  
surface caused by composit ional gradients r e s u l t i n g  f r o m  d i f f e r e n t i a l  
vapor izat ion o f  a1 kal  i and boron oxides, c )  v i s c o s i t y  gradients resul  t i n g  from 
f he composition ( o r  temperature) gradients, o r  d) expansion-contr6ction 
cyc les caused by app l ied  fo rce  o r  by heat ing and coo l ing  cycles due t o  small, 
l o c a l i z e d  temperature gradients i n  t h e  furnace. 
.. -.- - - -- ... 
- Experiments1 Model. Conduct experiments t o  t e s t  t he  v a l i d i t y  o f  models 
as they are  developed. The r o l e  of composit ion gradients (b  and c above) 
should be examined by comparing shel 1 blowing experiments using gel 
s t a r t i n g  mater ia ls  w i t h  a wide range of v o l a t i l e  components and va r ia t i ons  
i n chemi cal  homogenei t y  . 
7.3 Shel l  Decentering Study 
Mathemat i c a l  Model. The cu r ren t  g rav i  ty-, induced decenter i  ng model 
( o f  an i n i t i a l l y  concentr ic  she l l  ) may have serious weaknesses due t o  the 
boundary cond i t ions  employed. We propose t h e  development of a model based 
r i go rous l y  on the p r i n c i p l e s  o f  Low Reynold's Number Hydrodynamics w i t h  
appropr iate use o f  computers t o  achieve numerical s o l u t i - 3 s .  
Experimental Model. Considerable e f f o r t  has been expended i n  p re l im inary  
experiments concerning t h e  e f f e c t  of g r a v i t y  on the  concen t r i c i t y  o f  t h e  
i nne r  and outer  s h e l l  surfaces. The progress o f  t h i s  work has been hampered 
by problems o f  a) composit ional i n s t a b i l i t y  o f  the  molten glass she l l s  and 
b )  inadequate methods f o r  conta iner less reheat ing o f  character ized shel 1 s. 
These problems completely mask the  more subt le  e f f e c t s  of g rav i ty .  Ye 
recomnend the  cant inuat ion  o f  t h i s  l i n e  o f  research, w i t h  emphasis on the  
development and use o f  a) glass s h e l l s  having a s u i t a b l y  low v i scos i t y ,  
a  s tab le  composition, and res is tance t o  p l . ~ s e  separat ion and d e v i t r i f i c a t i o n ,  
b) a conta iner less method f o r  uniform, c o n t r o l l e d  heat ing o f  t he  she l l  surface., 
such as an acoust ic o r  a i r - j e t  l e v i t a t i o n  w i t h  a Cop-laser heat ing system, 
and c )  she l l  -forming and she l l  -reheat ing experiments aboard KC-135 f l  igh ts .  
I n  t h i s  manner, the un i fo rm i t y  o f  t he  s h e l l  wa l l s  could be inves t iga ted  
as a func t ion  o f  g r a v i t y  and heat ing time. 
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APPENDIX I 
Heat TransferlThermodynami cIF1 u i d  Mechanical Model of Processes Occur r ing  
During t h e  Manufacture of Glass She l ls  i n  Ve r t i ca l  Furnaces? 
The purpose o f  t h i s  appendix i s  t o  o u t l i n e  t h e  development o f  a f i r s t -  
generat ion model o f  t he  processes occurr ing dur ing the  manufacture o f  
glass s h e l l s  i n  v e r t i c a l  furnaces. The purposes o f  the  model are: 
1. To i nves t i ga te  the  heat t r a n s f e r  and f l u i d  mechanical 
phsnomena associated w i t h  the  manufacture o f  glass she1 1 s 
i n  v e r t i c a l  furnaces. 
2. To de l ineate  the  furnace parameters t h a t  a re  important t o  t he  
manufacture o f  high-qua1 i t y  glass shel ls ,  and t h e i r  q u a n t i t a t i v e  
inf luence on the q u a l i t y  of  t he  product. 
3. To p r e d i c t  t he  l a r g e s t  s h e l l s  o f  acceptable qua1 i t y  t h a t  can 
be manufactured i n  a 1 g environment w i t h  e x i s t i n g  equipment. 
4. To specify furnace equipment t h a t  w i l l  be requ i red  t o  manufacture 
g lass s h e l l s  f o r  fu ture requirements, which w i l l  have more 
s t r i n g e n t  spec i f i ca t ions .  
This  type o f  model i s  p r i m a r i l y  the embodiment o f  some o f  t he  fundamental 
p r i n c i p l e s  o f  c l ass i ca l  physics. E f fec t ive  use o f  the  node1 requi res the  
a v a i l a b i l  i t y  o f  add i t i ona l  information, such as mater ia ls  proper ty  data, 
and i n s i g h t  t o  t he  processes resul  t i n g  from spec i f i c  empi r i c a l  inves t iga t ions .  
This  f i r s t  generat ion model was developed a t  t he  beginning o f  t he  
program when 1 i t t l e  information was ava i l ab le  on the  d e t a i l s  of the processes 
occur r ing  i n  t he  s h e l l s  and t h e i r  precursors. One consequence i s  the 
assunption that ,  a t  every i ns tan t ,  the  s h e l l s  and t h e i r  precursors a re  
homogeneous. During the  course o f  t he  program s i g n i  -l i cant i n s i g h t  has 
been gained regarding the  temperature ranges i n  which s p e c i f i c  physical  
and chemi ca l  processes occur, and re1 evant q u a n t i t a t i v e  mater ia l  s p roper t ies .  
Consequently, a second generation model i s  c u r r e n t l y  being developed i n  
which ?he she l l s  and t h e i r  precursors are no t  assumed t o  be homogeneous. 
The furnaces w i t h  which we are concerned have i n t e r i o r  heated regions 
whose wa l l s  are v e r t i c a l  c i r c u l a r  cy l inders.  The cy l  inder  d-iameters are 
about 3 inches, and the lengths o f  the  heated sect ions have var ied  from 
*Appendix I was authored by R. 5. Jacobs of R. B. Jacobs Associates, 
consultant t o  cur ren t  contract .  
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2 t o  12 feet ;  about 2 f e e t  o f  unheated region ace a t  t he  bottom end. The 
furnaces are heated by e l e c t r i c a l  res is tance heaters, usua l ly  wired so 
t h a t  several a x i a l  sect ions can be heated and t h e i r  temperature c o n t r o l l e d  
independently. I n  e x i s t i n g  equipment, the  operat ing temperatures are 
var ied  from 800°C t o  1500° C. The heated region i s  usua l ly  f i l l e d  w i t h  
s t a t i c ,  atmospheric a i r ;  the  on ly  f lows are those due t o  natura l  convection 
and those t h a t  may be caused by the  presence of mater ia l  associated w i t h  t h e  
manufacture of t he  glass shel ls .  The species of gas w i t h i n  the furnaces 
can be changed, and general ly  a x i a l  f lows can be imposed upon the  gas. 
The raw mater ia ls  from which the  glass she l l s  are made are c l a s s i f i e d  
as gel powders and pe l l e t s .  (For convenience i n  the  fo l lowing discussions, 
t he  raw mater ia l  w i l l  be c a l l e d  "frit"; i t  need no t  be frit, but  may j u s t  
as we l l  be cast, extruded, etc. )  The frit i s  introduced, a t  room temperature, 
i n t o  t h e  upper end of t h e  furnace, and f a l l s  v e r t i c a l l y  downward (except 
f o r  possib le e f fec ts  of r a d i a l  and tangent ia l  components of the gas ve loc i ty ,  
and o f  t h e  method f o r  in t roduc ing f r i t ) .  As i t  f a l l s ,  the  fri t and i t s  
descendents are heated by the  furnace wa l l s  and the  furnace gas. Heat 
t ransfer  involves both r a d i a t i o n  and convection, the l a t t e r  inc lud ing gas 
conduct ion. Add i t iona l ly ,  the fri t and i t s  descendents i n t e r a c t  mechanically 
w i t h  t h e  furnace gas; t h i s  i n te rac t i on ,  along w i t h  the e f fec ts  o f  g rav i ty ,  
determines t h e  motion o f  t he  pa r t i c les .  As a r e s u l t  o f  the  heating, the 
const i tuents o f  the frit begin t o  reac t  t o  form glass and a blowing gas. 
Under proper condit ions, t h e  physical and cilemical processes produce high- 
qua1 i t y ,  thin-wal l e d  g l  ass shel 1 s. The products o f  these processes are 
c o l l  ected a t  t he  lower end of the furnace. 
It i s  postu lated here, and can be i n f e r r e d  from experience, t h a t  t he  
manufacture o f  high-qua1 i t y  glass shel 1 s requires t h a t  the  gel mater ia l  
be heated t o  a s u f f i c i e n t l y  h igh temperature and maintained there f o r  a 
s u f f i c i e n t l y  long t ime i n t e r v a l .  We may ther.efore conclude t h a t  t he  ra tes  
o f  heat t rans fe r  from t h e  furnace t o  the  mater ia ls  therein,  and the  residence 
times o f  t he  mater ia ls  w i t h i n  the furnace are of primary importance. 
Therefore, our primary ob jec t ives  here are t o  inves t iga te  the  phenomena and 
var iables t h a t  in f luence the  heat t ransfer  and residence times, and t o  
r e l a t e  these t o  cha rac te r i s t i cs  and proper t ies  of the gel and glass shel ls ,  
and t o  design and operat ing parameters o f  the furnaces. 
The remainder o f  t h i s  development there fore  consists  of two 
sect ions: 
1. Heat t ransfer  considerat ions which embody the requirements o f  
the F i r s t  Law of Thermodynamics. 
2. P a r t i c l e  motion considerat ions which embody the  *quirements of 
Newton ' s Second Law. 
The model i s  expressed here i n  d i f f e r e n t i a l  form and has a1 so been 
expressed i n  f i n i t e  d i f fe rence form f o r  programing f o r  parametric studies. 
HEAT TRANSFER 
The heat t r a n s f e r  from the  furnace (wa l ls  and gas) t o  a p a r t i c l e  
t h e ~ i n  (gel p a r t i c l e  o r  she1 1 ) i s  described by: 
The le f t -hand term i s  the r a t e  o f  increase of energy o f  the p a r t i c l e  
being heated. The middle term describes the  r a t e  o f  convection heat t rans fe r  
( i nc lud ing  gas conduction) from the  furnace gas t o  the p a r t i c l e .  The 
r ight-hand term describes the  r a t e  o f  rad iant  heat t rans fe r  from the  furnace 
wa l ls  and gas t o  the p a r t i c l e ;  we assume t h a t  the wa l ls  and gas are 
e f f e c t i v e l y  a t  the same temperature. 
kquation 1 i s  appl ied t o  i nd i v idua l  p a r t i c l e s  f r o m  the  time t h a t  they 
are introduced as frit t o  the  t ime t h a t  they e x i s t  as shel ls .  We ignore 
mechanical and thermal in teract 'ons between the  p a r t i c l e s  themselves, and 
mechanical i n t e r a c t i o n  between the  p a r t i c l e s  and the wal ls.  It has a lso  
been assumed, i n  the  de r i va t i on  o f  equation 1, t h a t  the temperature o f  the 
p a r t i c l e  i s  always uniform. This assumption, together w i t h  the  assumption 
o f  mater ia l  homogeneity, g ive  r i s e  t o  the  most severe l i m i t a t i o n s  o f  t h i s  
f i r s t  generation model. It i s  j u s t i f i e d ,  f r o m  a thermal h i s t o r y  viewpoint, 
by the  f a c t  t h a t  the time i n t e r v a l s  required t o  equil-ibrate temperature 
d i f ferences w i t h i n  the  p a r t i c l e s  are short  r e l a t i v e  t o  the  time i n t e r v a l s  
associated w i t h  the heating o f  t he  pa r t i c les .  The e l im ina t ion  of the 
temperature-uni formi t y  and mater ia l  homogeneity assumption i s  the basis 
o f  t h e  second-generat ion  model mentioned above. 
The var iables and parameters i n  equation 1 are: 
m i s  the mass o f  t he  p a r t i c l e .  As the  manufacturing process proceeds, 
nl changes. I f  these changes were known as a func t ion  o f  temper.ature, 
they could be r e a d i l y  managed i n  the  development o f  so lu t ions  t o  
equation 1 ; however, t h i s  was not  the case. We d i d  know t h a t  a 
s i g n i f i c a n t  mass ( o f  t he  order  of 15%) was l o s t  below 600°C as the 
r e s u l t  o f  the l oss  o f  blowing gas. Therefore, i n  t h i s  model i t  i s  
assumed t h a t  there i s  a s ingle,  instantaneous loss of mass. This l oss  
occurs when the  p a r t i c l e  a t t a i n s  the  temperature TI; the  f r a c t i o n  o f  
the  i n i t i a l  mass which i s  l o s t  i s  (1 - r ) .  TI and r can be t rea ted  as 
parameters whose values are determined by e f f o r t s  t o  obta in  agreement 
between the  model and empir ica l  information. On the basis of e a r l y  
experiments, i n i t i a l  values fo r  these parameters can be TI = 500°C and 
I' = 0.85. 
C i s  t h e  e f f e c t i v e  s p e c i f i c  heat o f  t h e  p a r t i c l e  being heated. It should 
account f o r  the  various l a t e n t  heats associated w i t h  the manufacturing 
pmcess; e.g., heats o f  chemical reac t ion  and phase t rans i t i ons .  There 
was a lso a dearth o f  information i n  t h i s  area. 
i s  t h e  surface area, o f  t h e  p a r t i c l e ,  t h a t  i s  exposed t o  the  heating 
environment. i t var ies w i t h  time, and may be cor re la tab le  w i t h  
temperature. However, i t  i s  no t  now possib le t o  express AS as a 
func t ion  o f  t ime o r  temperature. I n  t h i s  model, we spec i fy  a geometry 
f o r  the  i n i t i a l  frit p a r t i c l e :  a r i g h t  c i r c u l a r  cy l i nde r  o f  diameter 
Df and length ( 2  D f )  This 1 i m i t a t i o n  can be e l iminated as discussed 
below. We assume t h a t  a t  a speci f ied temperature (Tp) , the fri t p a r t i c l e  
instantaneously transforms t o  a sphere o f  diameter, D, the f i n a l  diameter 
o f  t he  she l l .  As rill be discussed below, Df and D w i l l  be re la ted  by 
a parameter which, along w i t h  T2 might be determined by c o r r e l a t i n g  
empir ica l  in forn iat ion t o  f it the model. 
T i s  the absolute temperature o f  t he  p a r t i c l e  being heated. 
t i s  time. 
h i s  a heat t rans fe r  c o e f f i c i e n t  t h a t  character izes the  convective (and 
gas conductive) heat t rans fe r  from the furnace gas t o  the  p a r t i c l e  being 
heated. It depends upon the  geometry o f  the  p a r t i c l e ,  propert ie5 o f  che 
furnace gas, and the f low f i e l d  o f  t he  furnace gas r e l a t i v e  t o  the 
p a r t i c l e .  For t h i s  model, we express i t  i n  terms o f  i s i r l y  r e l i a b l c  
steady-state theo re t i ca l  formulat ions and empir ica i  cor re la t ions .  Th1 s 
i 
i s  p a r t i a l l y  j u s t i f i e d  because the  time i n t e r v a l s  required t o  develop I i I 
steady-state f low f i e l d s  are shor t  r e l a t i v e  t o  the  residence times 
i n  the  furnaces. The major uncer ta in t ies  stem from lack  of in format ion 
i 
regarding the geometries of t he  p a r t i c l e s  as they pass through the ? 
furnace. The same assumptions are used t o  a s s i s t  i n  the  ca l cu la t i on  
o f  h as were discussed i n  connection w i t h  AS. 
As we sha l l  see l a t e r ,  i n  our discussion o f  residence times o f  I 
p a r t i c l e s  i n  the  furnace, the  Reynold's numbers associated w i t h  the i I 
1 
p a r t i c l e s  i n  the  furnace are small. From McAdamsl we f i n d  t h a t  we 
sha l l  be somewhat conservat ive ( i  .e., predicted temperature changes 
are too small)  i f  we use: 
k 
h = 2+, where 
kg i s  the  thermal conduc t i v i t y  o f  t he  furnace gas, and 
L i s  a cha rac te r i s t i c  dimension o f  t he  p a r t i c l e .  
For t h e  frit p a r t i c l e ,  L i s  assumed t o  be the  a r i t nmet i c  average of the  
length  and diameter; f o r  the she l l ,  L i s  i t s  diameter, D. 
g i s  t he  absolute temperature o f  t he  furnace gas (and wa l l s ) .  I n  
general, T i s  a func t ion  o f  pos i t i on  i n  the  furnace, and therefore, 9 
i n  equation 1, a funct ion o f  t. I n  our experiments, t h i s  funct ion i s  
known and i s  therefore used i n  developing so lu t ions  t o  our model. 
o i s  the Stefan-Boltmann constant, and i s  approximately 5.67 x 10- l2 
E i s  t he  e f f e c t i v e  absorptance o f  t he  p a r t i c l e  t o  the rad ia t i on  emit ted 
by the furnace wa l ls  and gas. It i s  a func t ion  o f  the  geometries 
o f  the  furnace and p a r t i c l e ,  and o f  p roper t ies  o f  t he  furnace wa l l  s, 
furnace gas, and p a r t i c l e .  Because the  ob jec t  being heated i s  t i n y  
r e l a t i v e  to the s ize  o f  the  furnace, E i s  e f f e c t i v e l y  equal to  the  
a b s o r p t i v i t y  o f  t he  p a r t i c l e  t o  the  r a d i a t i o n  emit ted by the  furnace. 
I t  i s  probable t h a t  the  fr i t  absorbs e s s e n t i a l l y  a l l  o f  the r a d i a t i o n  
inc ident  upon it, and t h a t  the  c lear  glassy mater ia l  w i l l  absorb a 
n e g l i g i b l e  amount o f  the r a d i a t i o n  i nc iden t  upon it. We assume, 
therefore, i n  t h i s  model t h a t  E = 1 u n t i l  the  temperature o f  the  p a r t i c l e  
becomes T3; a t  t h i s  t ime the value o f  E instantaneously becomes zero 
(E = 0). As ind ica ted w i t h  TI and T2, T3 can a lso be used as a 
c o r r e l a t i n g  number. 
We are  now i n  a  p o s i t i o n  t o  formulate the  preceding discussion i n t o  
r e l a t i o n s  t h a t  can be subst i tu ted  i n t o  e q ~ a t i o n  1. The r e s u l t s  are: 
For T 4 TI, 
For T p  < T  s T3, 
For T > T3, 
Equations 3a, 3b, 3c, and 3d ( i  .e., equations 3) are the  f ino1 embodiments, 
i n  d i f f e r e n t i a l  form, o f  our  energy equation f o r  the  temperature ranges 
o f  in teres t .  The new symbols which have not  y e t  been def ined are: 
1 
= i s  the  mass densi ty  c f  tne glass i n  the  she l l .  
Cf = i s  the  e f f e c t i v e  s p e c i f i c  heat of the  frit mater ia l .  
f 
= i s  the m s s  densi ty  o f  the frit mater ia l .  
= i s  the  thickness o f  the s h e l l  wal l .  
1  
= i s  the  e f fec t ive  s p e c i f i c  heat o f  the glass i n  the  she l l  wal l .  
It i s  reasonable t o  assume that ,  f o r  a  spec i f i c  she l l  manufacturing 
process, pf, pgl, and r should be f ixed.  Thus, from the above d e f i n i t i o n  
3 
o f  A, there should be a unique l i n e a r  r e l a t i o n  between (D/Df) and (D/q). 
I n  order t o  become numer ical ly  or iented, we have used some of our  data t o  
D ca lcu la te  ; ). bfe obtained t h a t  = 
f (16 -$)1'3 I 
There i s  no reason we be l ieve t h a t  t h i s  r e l a t i o n  i s  v a l i d  f o r  any s i t u a t i o n  
except for  t h e  one from which i t  was derived. 
PARTICLE F3SITION 
The purpose o f  t h i s  development i s  t o  der ive r e l a t i o n s  t h a t  w i l l  a l low 
us t o  p red ic t  t he  p o s i t ~ o n  o f  a p a r t i c l e ,  as a func t ion  o f  time, as i t  f a l l s  
through the furnace. By using these re1 atsons, i n  conjunct ion w i  t h  equations 
3, we can p red ic t  the temperature o f  the  p a r t i c l e  as a func i ton  of i t s  
pos i t i on  i n  the furnace. 
The pos i t i on  o f  t h e  p a r t i c l e ,  as a func t ion  o f  time, i s  computed by 
i n teg ra t i ng  i t s  v e l o c i t y  w i t h  respect t o  time. The v e l o c i t y  o f  the  p a r t i c l e  
i s  obtained by applying Newton's Second Law t o  the  p a r t i c l e  f a l l i n g  through 
the furnace gas under t h e  ac t i on  of g rav i ty .  The e f f e c t  of the gas upon the  
v e l o c i t y  o f  t he  p a r t i c l e  i s  manifested through the "drag" force exerted 
by the gas on the p a r t i c l e .  As t h i s  depends upon the  geometry o f  the  p a r t i c l e ,  
and as the  mass o f  the  p a r t i c l e  enters d i r e c t l y  i n t o  Newton's Second Law, 
the conputation o f  p a r t i c l e  p o s i t i o n  i s  d i v ided  i n t o  fou r  temperature regimes, 
as was t h e  computation o f  t h e  p a r t i c l e  temperature. 
There are three forces ac t i ng  on the p a r t i c l e  as i t  f a l l s  through the 
furnace: drag, buoyancy, and grav i ty .  The drag fo rce  may be represented 
s a t i s f a c t o r i l y  by Stokes' Law. The resu l tan t  d i f f e r e n t i a l  equations f o r  
t h e  v e l o c i t y  (U) and the displacement ( S )  o f  the p a r t i c l e  are: 
and 
g = accelevzcion o f  g r c v i  ty.  
V = volunio of p a r t i c l e .  
Pg = dens i ty  o f  the  furnace gas. 
m = mass o f  p a r t i c l e .  
= absolute v i s c o s i t y  of furnace gas. 
A = f ron ta l  area o f  p a r t i c l e .  
= c h a r a c t e r i s t i c  dimension i n  Reynolds' : :u~~~ber. 
The deta41ed formulat ions o f  t he  parameters i n  equations 6 and 7 
depend upon the  temperature ranges discussed prev iously .  For each temperature, 
y and 6 can be taken as conscant ( i f  average values be used f o r  6 and p ). 
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Then, equations 4 and 5 can be e a s i l y  solved f o r  U and S: 
U = Uo and S = SO when t = to. 
Because o f  the n o n - l i n a r i t y  o f  equations 3, and because o f  the  va r iab le  
proper t ies  there in,  equations ' are solved numer ica l ly  by means o f  computers. 
T t  i s  there fore  conven?:ent t 9  so lve the p a r t i c i e  pcs i  t i o n  r e l a t i o n s  *~umer ica l  l y  
also. As a resu l t ,  our working model uses equations 4 3,id 5, ra the r  than . 
equations 8 and 9. 
Ii.;;roducing our  p rev ious ly  discussed concepts i n t o  equations 6 and 7, 
we develop our  expressions f o r  y and 6 f o r  ou. various temperature reG,.nes. 
For T 4 T,, 
For TI < T 4 T p  
For T > T2 (contains T p  < T 4 T3 and T > Tj),  
-'2 5 6 = ( )  (AR). 
Ogl D 
AR ( the  aspect r a t i o )  i s  the  r a t i o  of the diameter of the shell to  i ts 
average wall th'-kness. I t  should be noted tha t  the foregoing model i s  
expressed i n  tt - - .  ~f furnace character is t ics ,  properties of the materials 
invol ved in the mnufacturing process, and qeometrical character is t ics  
of the  shel l .  Summarizing, our model i s  described by: 
1. Equations 3a, 4, 5, 6a and 7a pr ior  t o  the mass loss, and 
characterized by the  parameter (1 - r) .  
2.  After the mass loss ,  b u t  prior t o  the  transformation from t r i t  to  
shel l ,  equations 3b, 4, 5, 6b and 7b. 
3. After the transformation from f r i t  t o  she l l ,  b u t  pr ior  t o  bscoming 
transparent t o  radiation, equations 3c, 4, 5, 6c and 7c. 
4 .  After becoring transparent t o  radiation, equations 3d, 4, 5, 6c, and 
7c. 
I t  should be notea, t ha t  the  foregc'ng equations were developed 
so tha t  the gemetry of only the ;hell appears exp l ic i t ly ;  the yeometry 
of the  gel par t ic le  does not a p p s r .  This was dccomplished by assuming 
t , ,a t  a l l  gel par t ic les  are geometrically similar;  namely, the length 
of the  par t ic les  i s  twice t h e i r  diameters. This i s ,  of course, usually 
not the  case The equations chn be modified in the following days to  
eiiminatc t h i s  l imitat ion so tha t  the r ~ t e  of heating i s  exp l ic i t ly  a 
function a i  ne pe l le t  dimznsions of diameter ( D )  and length ( L ) ,  each 
of which in t h i s  case i s  an i~dependent parameter. 
Thus,  equatiori (3a) i s  chan~ad t a :  
Equation (3b) i s  changed to :  
Equation (3c) and (3d) are unchanged. 
Subscr ipt  f r e f e r s  t o  frit ( o r  ge l )  p a r t i c l e .  
Subscript 1 refers t o  p a r t i c l e s  when T g TI. 
Subscr ipt  2 r e f e r s  t o  p a r t i c l e  when TI : T ( T2. 
D i s  p a r t i c l e  diameter. 
L i s  p a r t i c l e  length. 
Equatien (6a) i s  changed t o :  
Equatiori (6b) i s  changed to :  
Equation (6c) i s  unchanged. 
Equation (7a) becomes 
Equation ( 7b) becomes 
Equation (7c) i s  unchanged. 
p i s  absolute v iscos i ty  o f  furnace gas. 9 
P i s  mass density. 
References : 
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APPENDIX 11* 
GELSHEL Program 
A program (GELSHEL) has been developed t o  ca l cu la te  the posi t ion,  
thermal cha rcc te r i s t i cs  and the  temperature h i s t o r y  o f  a p a r t i c l e  dropped 
through a v e r t i c a l  furnace. The governing d i f f e r e n t i a l  equa t ims  are 
discussed i n  Appendix I and w i l l  no t  be repeated here. The program u t i l i z e s  
t h e  forward f i n i t e  difference o f  approximation t o  the  d i f f e r e n t i a l  equations. 
The program keeps t rack  of t he  p a r t i c l e  as i t  undergoes four  temperatur3e- 
aependent transformations shown i n  Figure 1. The p a r t i c l e  i s  dropped from 
r e s t  i n t o  the  top of the furnace. I n i t i a l l y ,  t he  i npu t  p a r t i c l e  i s  a t  
mom temperature,. i t s  mass and I R  absorptance are ml and al , i t s  geometry 
i s  t h a t  o f  a r i g h t  c i r c u l a r  c y l i n d e r  o f  diameter and length  Dl, L2 and i t s  
spec i f i c  heat i s  (1 + X )C The add i t i ona l  X i s  used t o  approximate 1 P* 
endothermic react ions t h a t  take place i n  the  p a r t i c l e .  
Upon reaching T1 the p a r t i c l e  undergoes changes i n  mass (14, + :I2), 
dimensions (Dl + D2, L1 + L2) and spec i f i c  heat (XI + X 2 )  A t  T3, the  
endothermic react ions are deemed complete and the  p a r t i c l e ' s  s p e c i f i c  
hezt rever ts  t o  C ,the s p e c i f i c  heat of glass a t  T2, the  geometry chaages P 
from t h a t  o f  a r i g h t  c i r c u l a r  c y l i n d e r  t o  t h a t  o f  a spherical she l l .  The 
f i  nai transformation occurs when t h e  p a r t i c l e  temperature reaches T4. A t  
t h i s  temperature, the  I R  absorptance changes from al t o  a2. The execution 
a f  t he  program i s  terminated when the  p a r t i c l e  e x i t s  the furnace (S = 370 cm). 
The program accepts the  f o l  lowing inpu t  aata: 
MI, M2 and M3 of p a r t i c l e  
Dl, D2, D3, L1 and L2 of p a r t i c l e  
Furnace Temperature P r o f i l e  (Tf vs. S )  
Furnace Gas Code (1,2,3,4,5,6,7) 
Typical values f o r  an i npu t  data se t  might be as follows: 
" 1.1 , M (g): 19.2E-6, 13.9E-6, 13.8E-6 If'1 ' 2 3 
Dl , C D m )  : 266E-4, 333E-4, 396E-4 
L1 ' L2 (cm) : 252E-4, 365E-4 
*Appendix I 1  was authored by R. J. Simns o f  K:9S Fusion, Inc. 
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P g ~  ass (3/cc): 2.4 
T f ( C ) :  1450, 1475, 1500, 1510, 1510 
Furnace Gas : 1 ( a i r )  
The specific heat ( C  ) of the particle i s  assumed to be that of glass P 
which i s  'emperature dependent. A table of the specifi J heat of glass 
vs. temperature i s  contained in arrays within a subrbutine. Linear 
interpolation between table values i s  used t o  update the specific heat 
of the particle a t  each interaction. 
Also contained in arrays are the pertinent temperature-depencent 
properties (viscosity, conductivity and density) of seven furaace gases: 
a i r ,  argon, carbon dioxide, nitrogen, oxygen, steam and helium. Once the 
furnace gas i s  selected, the program writes a working table of the temperature 
dependent properties. Again, 1 inear interpol ation i s  used to update the 
viscosity ( u f ) ,  thermal conductivity ( k f )  and density ( p f )  of the furnace 
gas a t  each interaciion. 
A t  the s tar t ,  the temperature of the particle (T  ) i s  20°C:and i t s  
P 
dizplacement (S)  from the t o p  of the furnace and i t s  velocity are zero. 
Using the value of S, the program determines the temperature ( T f )  of the 
furnace gas f r ~ m  the temperature profile table with the value of Tf ,  the 
program than determines the furnace gas viscosity ( u f ) ,  thermal conductivity 
( k f )  and density ( p f )  Using ? k f ,  and Tf the program calculates the . P ' 
temperature rise of the particle from i t s  thermal capacitance, the rates 
of heat transfer to the particle by convection and radiation and the time- 
step. I t  then uses the nlazs and dimensions of the particle and the vallres 
of pf and pf t o  calculate the "new" displacement of the particlz. This 
process i s  repeated until the particle exits the furnace. 
The o u t p u t  of the program, in addition t o  the input data, consists 
of the following: 
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1. Working tab1 es of temperature-dependent properties.  
2. Temperatures, times and displacements a t  which the  p a r t i c l e  
transformations occurred. 
3. P a r t i c l e  temperature, displacement, v e l o c i t y  and spec i f ic  
heat h is tor ies .  
4. Values of selected expressions used i n  the  calculat ions o f  ( 3 )  
above . 
5 .  P l o t  of the p a r t i c l e  temperature h is tory .  
s P M~ P D~ P a P Geom. 
0 Room M1, "1 R.C. Cyl (l+X1)Cp Dl L1 : 
, 
I 
1 1 01.1 R. C .  ~ y l  ( I + X , ) C ~  D~ 2 
s3 3 M2 9 P 2 2 R.C. Cyl 
2 2 M3 "1 P O3 Shel 1 - 
Shel 1 I S4 T4 M3 a2 D3 - I 
380CM T M3 9 She1 1 C D3 - P 
Figwe 1 .  Temperature-Dependent Transformaticjn o f  
Gel -Partic1 es Dropping Through Glass Furnace. 
APPENDIX 111,' 
Radial Temperature Dif ference Model 
A program, TGRAD, has been w r i t t e n  t o  ca l cu la te  the  r a d i a l  temperature 
p r o f i l e  h i s t o r y  o f  a spher ica l  gel p a r t i c l e .  The gel  p a r t i c l e  was d i v ided  
i n t o  e i g h t  equal-mass sub-volumes, o r  nodes. The inner  node i s  a sphere 
and t h e  remaining seven nodes are spher ica l  she l ls .  For nodes i n t e r n a l  
t o  t h e  gel  p a r t i c l e  the program u t i i  i zes  the forward f i n i t e  d i f f e rence  
approximation t o  the  one-dimensional d i f f e r e n t i a l  equation o f  heat 
conducti on. 
where 
T = Temperature o f  node n a t  the  end o f  t h e  t ime-step. 
Tn = Temperature o f  node n a t  the  beginnit ig o f  the time-step. 
~t = Time-step. 
C = Thermal capacitance of node n. n 
Rn-l ,n = Thennal res is tance between nodes n-1 and n. 
The thermal capacitance o f  a node i s  given by 
where 
m = Mdsso f  the node. 
Cp(T) = Spec i f i c  heat o f  the  nodal mater ia l  a t  the temperature T. 
The thermal dfst,nce between adjacent nodes i n  the form o f  spher ica l  s h e l l s  
i s  given by 
*Appendix I I I  was authored by R. J. Simns u f  KMS Fusion, Inc. 
where 
D' = "Average" diameter o f  a she l l ,  i .e., d iv ides  the  she l l  i n t o  i k r i  
s h e l l s  o f  equal mass. 
Do' = "Average" diameter o f  outer-she1 1 
Di = "Average" diameter o f  i nne r  s h e l l  
k(T) = Thermal conduc t i v i t y  of t h e  nodal mater ia l  a t  the temperattire 
T, wlcm *"C. 
The boundary cond i t i on -  i s  t h a t  the heat i n p u t  t o  the  outermost she1 1 i s  by 
convection and rad ia t i on ;  t h i s  i s  ca lcu la ted  from the same heat t r a n s f e r  
r e l a t i o n s h i p  used i n  t h e  GELSHEL code (described i n  Appendix 11). I n i t i a l l y ,  
the  gel p a r t i c l e  i s  a t  room temperature. 
The s p e c i f i c  heat and thermal conduc t i v i t y  o f  the  gel p a r t i c l e  are 
parameterized by l i n e a r  approximations o f  the  type A + 0 * T t o  publ ished 
data. For spec i f i c  heat, glass proper t ies  are used. For thermal conduct iv i ty ,  
two extremes are used: glass proper t ies  fo r  t i g h t l y  compacted mater ia l  
and a i r  f o r  loose ly  compacted mater ia l .  
The temperature of t h e  furnace and furnace gas i s  a func t i on  o f  the 
distance from the  top  of t he  furnace. Hence, as the gel p a r t i c l e  descends 
through t h e  furnace, the  ambient temperature changes. The r a t e  o f  descent 
o f  the  gel p a r t i c l e  then determines the  apparent r a t e  o f  change of t he  furnace 
temperature. For shor t  t ime periods of the  order  o f  20 msec, a 20 pg 
gel p a r t i c l e  a t  t he  top o f  the  furnace descends on ly  abou: 2 m i l l i m e t e r s  
which causes an ambient temperature change o f  on l y  lZ °C .  Hence, the  furnace 
and gas ( a i r )  temperature was he ld  constant f o r  any g iven problem and the  
program was executed f o r  j u s t  20 t o  50 msec problem t ime which was long enough 
t o  determine the maximum r a d i a l  temperature p r o f i l e  o f  the gel  p a r t i c l e .  
For a furnace temperature o f  1500°C, the  maximum r a d i a l  temperature 
difference i n  a 20 Ltgm, 296 pm diameter gel p a r t i c l e  i s  80°C f o r  
t i g h t l y  compacted mater ia l  and 1390°C for  loose ly  conipacted mater ia l  as 
shown i n  Figure 1. For a furnace t e m p e r ~ t u r e  of 750°C, the maximum 
temoerature di f ference i s  22°C f a r  t i g h t l y  compacted mater ia l  and 674°C f o r  
l oose ly  compacted mater ia l .  For a 180 pgm, 608 pm gel p a r t i c l e ,  the  maximum 
r a d i a l  te rpera ture  d i  i fe rence i s  10S°C, occur r ing  15 msec a f t e r  i n j e c t i o n  
i n t o  d 1500°C enviranment (See Figure 2 ) .  
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FIGURE 1. GEL PARTICLE CORE-TO-SURFACE TEMPERATURE DIFFERENCE 
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FIGURE 2. GEL PARTICLE CORE-TO.SURFACE TEMPERATURE DIFFERENCE 
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I f  t h e  furnace environment i s  assumed t o  be 750aC, (shown i n  Figures 
3 & 4) a more r e a l i s t i c  condi t ion,  a maximum r a d i a l  temperature d i f f e rence  
o f  2 5 O C  develops i n  the same p a r t i c l e  22.5 ~nsec a f t e r  i n j e c t i o n .  I n  a l l  
o f  these cases, t he  gradients maximize w i t h i n  approximately 20 msec and 
d imin ish r a p i d l y  w i t h  time. Consequently, one can s a f e l y  make the 
s i m p l i f y i n g  assumption of a n e g l i g i b l e  temperature grad ien t  f o r  such gel 
p a r t i c l e s  in heat t r a n s f e r  ca1:ulations. 
APPENDIX I V  
A Model f o r  the Pred ic t ion  o f  Wall Non-Uniformity, i n  Thin, L iqu id ,  
Spherical She1 1 s, Resul t ing from Accelerat ion (e. g., Grav i ty )  Fi-1 ds. * 
The purpcse of t h i s  analys is  i s  t o  develop a model t h a t  g ives i n s i g h t  
I : 
t o  t h e  wa l l  non-uniformity t h a t  i s  produced i n  a th in ,  l i q u i d ,  spner ica l  she l l  
by grav i ty .  A pr imary gu ide l ine  fo r  t h i s  development i s  t h a t  the  analyses 
be extremely s t ra ight- forward;  although i t  i s  feasib le t o  develop very 
accurate models f o r  t h i s  type of problem, such a p r o j e c t  would be complex, 
1 ong-range, and expensive. 
The general no ta t i on  i s  i l l u s t r a t e d  i n  Figure 1. ,4l though i t  need n o t  
genera l l y  be the  case, we assume t h a t  the l i q u i d  s h e l l  i s  bounded, both 
i n t e r n a l l y  and ex terna l ly ,  by spherical  surfaces. This  assumption i s  
j u s t i f i e d  because we are p r i m a r i l y  i n te res ted  i n  s h e l l s  of molten glass, 
j fo r  which the e f f e c t s  o f  surface tension are  r e l a t i v e l y  large. The spher ica l  I 
region i n s i d e  o f  t he  s h e l l  !s occupied by a gas w i t h  a dens i ty  t h a t  i s  I 
negl i g i b l e  r e l a t i v e  t o  the  dens i ty  o f  the 1 i q u i d  comprising the  she l l .  
Add i t iona l ly ,  t he  region e x t e r i o r  t o  the  she l l  i s  occupied by a Gas: e.g., 
a  furnace gas. Because of t he  very l a r g e  v i s c o s i t i ~ s  o f  the  molten glasses 
i n  which we are in terested,  we assume t h a t  two types of forces con t ro l  
the  dynamic behavior o f  the she1 1 : 
1. Body forces due t o  a constant acce lera t ion  f i e l  d, e.g., g rav i t y .  
2. Forces caused by the v i s c o s i t y  of the  l i q u i d s .  
These assumptions place our  model i n t o  a ra the r  we1 1 -defined, very- important , . 
region of  f l u i d  mechanics, known as Low Reynol ds Number Hydrodynamics o r  
Creeping Flow. Although these types of problems have been s tud ied  i n tense ly  
f o r  over a hundred years, t he  problem i n  which we are i n te res ted  has no t  
been solved, and, as i nd i ca ted  above, cannot be sc l  ved w i t h i n  the guide1 ;ne 
we have been working. 
WE there fore  have adopted the  fo l l ow ing  s i m p l i s t i c  i rsge.  Consider that ,  i i 
as some t ime t (say, t = a ) ,  the  i n t e r i o r  and e x t e r i o r  surfaces o f  the she l l  ! 
a re concentr ic.  Immediately, the  accelerat ion f i e 1  d causes the  gas bubbles ! 
t o  " r i s e "  w i t h i n  the  l i q u i d  she l l  ; or ,  conversely we may v i s u a l i z e  t h a t  the 
l i q u i d  f lows "down" the narrow space between the  i n t e r i o r  and e x t e r i o r  
surfaces. This  makes the she l l  t h inne r  a+ the  top and t h i c k e r  a t  the  bottom, 
1 eading t o  wal l  non-uniformi ty .  
*Appendix I V  was authored by R. B. Jacobs of R. 0. Jacobs Associates, 
consultant t o  cur ren t  contract .  
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Figure 1. 
REPRESENTATION OF A GLASS SHELL 
WITH DECENTERED SURFACES 
/ 
J Spherical 
Sllrface 
Acceleration ( e. n., gravity) 
\ 
L ;;giEI 
Surface 
We assume that the shell does not rotate about any axis, and that, if  i t  
has any motion, the motion will be parallel t o  the uniform acceleration field. 
These assumptions are credible because tumbling of the shell tends to be 
damped. Thcn, because of the initial syrrmetry of the she1 1 ,  the shell wi 11 
always be axially symmetrical w i t h  respect t o  i t s  diameter that i s  parallel 
t o  the acceleration field. I t  follows t h a t  the thickness (6)  of the shell 
i s  a function of only time (t) and one spatial variable, the angle 4 shown 
in Figure 1. 
A fundamental assumption in the following development i s  that the shell 
be t h i n .  T h a t  i s ,  if  the radius of the exterior spherical surface be R 
and the thickness of the shell be 6 ,  we assume t h a t  
Note t h a t  the shell thickness, 6 (t ,  $), i s  defined as a length, measured along 
a radius of the exterior spherical surface, between the interior and exterior 
spherical surfaces. I t  i s  apparent from the foregoing discussion t h a t  the 
mir~imum shell thickness will be a t  the top ( a t  $ = 0 )  and the maximum shell 
thickness will be a t  the bottom (at $ = n).  A t  $ = 0, 6(t,$) 6 0 ( t ) ;  a t  
$ = n, 6( t ,$ )  s 6,,(t). The wall non-uniformity (WNU)  i s  defined as: 
In order t o  proceed w i t h  our development we must make decisions regarding 
the conditions a t  the boundaries of our shell. Two most tenable conditions 
are t h a t  the shearing stresses are the same on each side of the interior 
surface, and are the same on each side of the exterior surface. Because the 
1 iquid shell i s  bounded by gas, both on the inside and on the outs'de, i t  
waul d probably be satisfactory t o  assume t h a t  these stresses are zero a t  
both  surfaces. Even these ccndi tions lead t o  the unacceptable compl exi t ies 
mentioned above. We therefore make assumptions t h a t  will yield the simplest 
model, and will also permit the development of  wall non-uni formi ty control led 
by viscous and acceleration effects : 
1. There are only tangential velocity components. 
2. The shearing stress a t  the interior surface of the shell are zero. 
3. The velocity of the 1 iquid a t  the exterior surface, relative t o  t h a t  
Figure: 3 FLUID FLOWS TO CONTROL VOLUME 
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t 
surface, i s  zero (no s l i p ) .  Conceptually, we imagine t ha t  the 
i : 
shearing stresses, resu l t i ng  from the f a l l  o f  the she l l  through 
i t s  surrounding medium, are s u f f i c i e n t  t o  accomplish t h i s .  
4. A t  every instant, a steady-state ve loc i t y  d i s t r i bu t i on  ex is ts  
across the shel l  wal l  ; however, t h i s  d i s t r i bu t i on  varies w i th  time, 
This assumption i s  conservative r e l a t i v e  t o  the purposes o f  t h i s  
development. It leads t o  predicted values o f  WNU t ha t  are excessive; 
actual she1 1 s showed small e r  non-uniformi t i e s  than predicted. 
Applying Newton's Second Law, i n  the tangential d i rect ion,  t o  the f l u i d  
element i n  Figure 2 gives 
- =  dr - p a s i n  + dZ 
where 
T = shearing stress i n  the tangential d i rect ion,  
Z = a rad ia l  coordinate, measured inward from the ex te r io r  spherical surface, 
p = density of she l l  material,  and 
a = acceleration. 
Assuming t ha t  the she l l  material i s  Newtonian, 
where 
p = absolute v iscosi ty,  and 
v = ve loc i t y  i n  tangential d i rect ion.  
Subst i tut ing Equation 4 i n t o  Equation 3, and u t i l i z i n g  assumptions 2 and 3 i n  
the preceding paragraph, we have 
Applying cont inu i ty  considerations t o  the control  volume i n  Figure 3 
and not ing tha t  
w(+) = /  p(2 n R s in  + d ~ ) v ,  
we obtain 
We define two dimensionless parameters: 
1. Dimensionless wall  thickness, q 
2. Dimensionless time, T i 
I 
Introducing Equations 8 and 9 i n t o  Equation 7 y ie lds  
a= _ 1 a 
a r s in  Q - ab, (n3 s in2  4)  
Equation 10 i s  our f i n a l  non-linear, p a r t i a l  d i f f e r e n t i a l  equation which, 
when used w i t h  spec i f i c  i n i t i a l  and boundary conditions, w i l l  permit us t o  1 
1 
obtain the she1 1-wall thickness as a funct ion o f  time and posi t ion:  f 
! 
i -e- ,  n(r,$). 
By u t i l i z i n g  the assumptions madeabove, most pa r t i cu l a r l y  Equation 1 
and the spher ic i ty  o f  the bounding surfaces, Equation 10 can be reduced t o  an 
ordinary d i f f e r e n t i a l  equation. Let S(T) be the distance between the centers 
o f  the i n t e r i o r  and ex te r io r  spherical surfaces. Then, because q << 1 and 
( )  v <c 1, we may derive tha t  
Ri 
n ( ~ , $ l  -1 1 - - ~ ( t )  COS $ i L 
where 
Ri = radius o f  the i n t e r i o r  spherical surface. 
Subst i tut ing Equation 11 i n t o  Equation 10, we obtain 
- 
Ri + 2(1 - - v cos $ 1  cos . I 
Equation 12 i s  an ordinary d i f fe ren t ia l  which may be integrated a t  $ = 0 
and $ = T .  Performing the integrat ions, and subst i tu t ing i n t o  Equation 11, 
we obtain _ _  . _ _ _ -  
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and 
where 
qo = value o f  q a t  $I = 0, 
'1, = value o f  q a t  (J = T 
- = value o f  when shel 1 wal l  i s  uniform. 
rl 
;dote t ha t  
where 
(AR) = aspect r a t i o  of the shel l .  
where 
D = outside diameter o f  shel 1 and 
8 = she l l  wal l  thickness when she l l  wal l  i s  uniform. 
Subst i tute Equations 15, 16, and 9 i n t o  Equations 13 and 14. Combine 
Equations 8 and 2 t o  express WNU i n  terms o f  qO and qT. Combining the 
the r esu l t i ng  three equations and rearranging gives: 
WNU = [ Jg'- 3, 
where 
Equations 17 and 18 express the wal l  non-uniformity (WNU), as a funct ion 
o f  time ( t ) ,  o f  a l l  thin-wal led shel 1s whicb conform w i th  the assumptions 
and 1 imi ta t ions delineated i n  the development.. We see t ha t  the wal l  non- 
uni formity i s  completely spec i f ied  by the single, dimensionless parameters 
(1) defined by Equation 18. 
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Equation 17 i s  p l o t t ed  i n  Figure 4, where T i s  considered as a 
dimensionless time. We see, for  example, tha t  WNU = 10% when T = .095. 
We note t ha t  a charac te r i s t i c  time, t*, can be defined f o r  the system. 
3p ( AR) 
t* = (8paD 3 
t* i s ,  of course, determined by the she l l  geometry, she l l  material properties, 
and the acceleration. Examination o f  Equations 17, 18, and 19 shows t ha t  t* 
i s  the rea l  time required for the wal l  non-uniformity t o  become i n f i n i t e .  

